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“An experiment is a question which science poses to Nature, and a measurement is the 
recording of Nature's answer.”   
~Max Planck, Scientific Autobiography and Other Papers (1949, p110) 
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1. General Introduction 
 
 
1.1 Background 
 
 To be active in homogeneous or heterogeneous olefin polymerisation, Ziegler-Natta 
catalysts must contain a reactive metal-carbon bond and an electron deficient and 
coordinatively unsaturated metal site capable of accommodating the monomer. The nature of 
the active species in homogeneous group 4 metal Ziegler-Natta catalysis has remained 
unknown until 1986, when several research groups published structures of active cationic, 
electron deficient bis(cyclopentadienyl) metal-alkyl complexes of the type [Cp2MR]
+ (M = Ti, 
Zr).1 The possibility of participation of a cationic active species was suggested by Shilov and 
co-workers as early as 1961.2 
 A mechanism for polymerisation by Ziegler-Natta catalysts that has become generally 
accepted was proposed by Cossee and Arlman in 1964.3 Important features of this mechanism 
are Lewis-acidity of the metal centre and mutual cis-orientation of the incoming monomer and 
the metal-alkyl bond of the catalyst. This mechanism has been confirmed by ab initio 
calculations performed on [Cp’2TiMe]
+ / ethene (Scheme 1.1).4 
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Scheme 1.1 
 
 The introduction of methylaluminoxane (MAO) as cocatalyst/scavenger in the late 1970s 
enabled the polymerisation of α-olefins that could not be polymerised with homogeneous 
catalysts before.5,6 Other structurally well-defined cocatalysts were developed that generate 
anions that mimic the weakly coordinating nature of MAO, deemed to be essential to achieve 
good polymerisation activity.7 The resulting surge of new cyclopentadienyl-based 
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polymerisation catalysts lead to a better understanding of the relationship between the 
structure of a catalyst and its polymerisation properties and polymer microstructure.8 
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Figure 1.1. Metallocene and post-metallocene precatalysts for olefin polymerisation. 
 
 Since the early 1990s catalyst development gradually started to look beyond early (group 
III-V) transition metals and cyclopentadienyl-based ligands (Figure 1.1, A, B).9 “Post-
metallocene” ligands (C-E) were investigated to improve activity, selectivity, and substrate 
tolerance of olefin polymerisation catalysts.10 While early transition metals are often still the 
metal of choice, landmark publications by Brookhart and by Gibson showed that late 
transition metal-based catalysts are equally capable of producing high molecular weight 
polyethene (D, E).11-13 
 
 
1.2 Group 4 Metal Phenolato-Based Catalysts with Sulfur Donor Atoms 
 
1.2.1 [OS]- and [OSO]-type ligands  
 
 Group 4 metals with aryoxide-based ligands constitute a successful family of catalysts for 
polymerisation catalysis.14 Bidentate phenolato ligands for olefin polymerisation catalysis are 
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dominated by [ON]-type phenoxyimine catalysts (C), which are easily synthesised and are 
highly active for a broad range of α-olefins.15 Analogous thioether-functionalised [OS]-type 
ligands have only very recently been reported.16 Lewis acid-activated [M{OS}2(CH2Ph)2] 
complexes (M = Ti, Zr, Hf) give low molecular weight oligo(1-hexenes) with poor activity. 
For zirconium, propagation proceeds via 2,1-insertion of 1-hexene. With the tribenzyl 
complex [Zr{OS}(CH2Ph)3], poly(1-hexene) is obtained in low conversion. Polymer tacticity 
depends on the activator used: activation with B(C6F5)3 leads to an isotactic polymer; 
activation with Al(C6F5)3 affords atactic poly(1-hexene) (Scheme 1.2). 
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Scheme 1.2 
 
 Sulfur-bridged [OSO]-type bis(phenols), introduced by Kakugo and coworkers, were 
among the earliest non-metallocene polymerisation catalysts that were able to compete with 
metallocene catalysts. MAO- or borane-activated complexes of the type [Ti{2,2’-(OC6H2-6-
tBu-4-Me)2S}X2], were reported to be active in the syndiotactic polymerisation of styrene.
17,18 
In contrast, zirconium-based catalysts were inactive. In ethene polymerisation, [Ti{OSO}X2] 
catalysts produce high molecular weight PE with activities comparable to Cp2ZrCl2.
19 Atactic 
regioirregular polypropene and poly(1-butene) with extremely high molecular weights (Mw > 
8×106 and Mw = 3.5×10
6 g mol-1, respectively) could be produced with high activity.19a,20 In 
addition, group 4 [OSO]-type catalysts were shown to give good results in the polymerisation 
of 1-hexene, 1,5-hexadiene, butadiene, and the copolymerisation of ethene and styrene.21  
 Structural characterisation of [Ti{OSO}(OiPr)2] precatalysts showed dimeric structures in 
which the [OSO] ligand coordinates in a tridentate fashion with a long titanium-sulfur bond 
(Ti–S = 2.719(1) and 2.724(2) Å).22 It is believed that this titanium-sulfur interaction is 
responsible for the higher olefin polymerisation activity that was reported for catalysts with 
[OSO]-type ligands in comparison to catalysts bearing biaryloxy, methylene- or ethylene-
bridged bis(phenol) ligands (Figure 1.2).17b,21a,c,23 Theoretical studies show that the metal-
sulfur bond weakens upon ethene coordination, which lowers the olefin coordination energy 
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and destabilises the olefin π-complex. Recovery of the metal-sulfur bond stabilises the 
transition-state, the combination of which lowers the olefin insertion barrier.24 It was 
calculated that the insertion barrier should decrease in the order: S < Se < Te < O, but this was 
not supported by experimental results.25 
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Figure 1.2. Simplified representation of the potential energy surfaces of ethene insertion at cationic 
sulfur- and methylene-bridged bis(phenolato) titanium and zirconium complexes. I: complex + ethene; 
II: perpendicular π-complex; III: insertion transition-state; IV: γ-agostic complex. Energies calculated in 
kcal mol
-1
 at the B3LYP/LANL2DZ level.
24 
 
 More recently, Arnold and coworkers showed that [M{OSO}X2] (M = Ti, Zr; X = Cl, 
CH2Ph) binaphtholato complexes are moderately active olefin polymerisation catalysts for 
both titanium and zirconium.26 Much higher propene polymerisation (M = Zr) and 
oligomerisation (M = Ti) activities were reported for [M{OSO}X2] complexes in which the 
sulfur bridge was replaced by a 2,5-thiophenediyl moiety.27 Vanadium complexes with 
[OSO]-type ligands were reported by Miyatake et al. and shown to polymerise propene to a 
mixture of isotactic and atactic polypropene with good activity.28 
  
1.2.2 Tetradentate [OSSO]-type ligands 
 
 Whilst the facial coordination geometry of tridentate [OSO]-type ligands leads to 
syndiospecific styrene polymerisation catalysts, molecular C2-symmetry is required for 
isospecific polymerisation via enantiomorphic site-control. Ansa-metallocene complexes have 
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been highly successful in inducing isospecificity in poly-α-olefins,8 but most catalysts for the 
production of isotactic polystyrene are heterogeneous.29,30 To mimic the stereocontrol exerted 
by ansa-metallocenes, post-metallocene bis(phenolato) ligands must be able to coordinate in a 
C2-symmetrical fashion and reproduce the electronic characteristics of the cyclopentadienyl 
ligand. Since the electron density donated by aryloxide ligands is generally considered 
insufficient to be pseudo-isolobal with cyclopentadienyl ligands, an additional donor group 
per phenoxy group is required.26,31 To combine these requirements with the positive catalytic 
effects reported for [OSO]-type ligands, ligands with two sulfur donor atoms were developed. 
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Figure 1.3. Different coordination modes for disulfide-bridged bis(phenolato) titanium complexes. 
 
 Disulfide-bridged bis(phenolato) complexes of titanium possess a diverse coordination 
chemistry (Figure 1.3). Monomeric dihalide complexes show C2-symmetrical coordination of 
the [OSSO] ligand with both sulfur donor atoms attached to the titanium centre. In contrast, 
dialkoxy complexes were observed as dimers in which a single [OSSO]-type ligand 
symmetrically bridges two [Ti(OiPr)2-µ-(O
iPr)] units or as a [Ti{OSSO}(OiPr)-µ-(OiPr)]2 
dimer in which only one of the two sulfur atoms coordinates to the titanium centre.32 
Although the initial report did not contain olefin polymerisation data, recent patent literature 
shows that zirconium complexes with disulfide-bridged bis(phenolato) ligands are active for 
the oligomerisation of ethene.33 
 α,ω-Dithiaalkanediyl-bridged bis(phenols) were first reported in 1953 by Greenwood and 
Stevenson,34 but coordination of these ligands to CpTi- and Cp2Ti-fragments was reported 
only in 1995 and their use as a primary ligand was first reported in 2003.35,36 It was 
demonstrated by Okuda and coworkers that complexation of 1,4-dithiabutanediyl-bridged 
[OSSO] ligands to group 4 [MX2] (X = Cl, O
iPr, CH2Ph) fragments gives chiral tetradentate, 
C2-symmetrical species of cis-α ligand configuration (Figure 1.4).
37 This catalyst family 
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represent one of the first homogeneous catalyst systems capable of producing highly isotactic 
styrene with high activity (Scheme 1.3).38,39 Analogous 1,5-dithiapentanediyl-bridged [OSSO] 
complexes have a cis-β configuration in the solid state and produce syndiotactic polystyrene 
with poor activity.36a,40  
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Figure 1.4. Possible ccordination geometries for the tetradentate [OSSO] ligand around an 
octahedral metal centre. 
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Scheme 1.3 
 
 A clear relationship was observed between the structure of [M{OSSO}Cl2] catalysts and 
their styrene polymerisation properties upon activation with methylaluminoxane. The 
configurational stability of the catalyst, and hence its symmetry and polymerisation properties 
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were found to depend strongly on the length of the bridge and on the size of the ortho-
substituents on the arene groups.41 1,4-Dithiabutanediyl-bridged species retain their  
cis-α configuration only in the presence of tBu- or larger ortho-substituents (Scheme 1.4). 
Catalysts with smaller ortho-substituents or a longer bridge lead to species that racemise and 
show fluxional bahaviour under polymerisation conditions and therefore give atactic or 
syndiotactic polystyrene. Additionally, an electronic effect was observed in which electron-
donating para-substituents decrease-, and electron-withdrawing substituents increase styrene 
polymerisation activity. A similar effect was reported for related group 4 [ONNO] type 
complexes in 1-hexene polymerisation.42 
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 In contrast, electronic substituent effects in para-substituted styrene monomers were 
shown to have exactly the opposite effect in homopolymerisation experiments.43 Electron-
donating substituents resulted in higher polymerisation rates, because electrophilic attack of 
the electron-deficient metal centre on the monomer proceeds faster with electron-rich 
monomers. For copolymerisation experiments of substitutes styrenes with unsubstituted 
styrene and ethene this effect was reversed again. In that case, the effect is a similar to the 
presence of an electron rich arene substituent: The extra electron density in the growing 
polymer chain after insertion of an electron-rich p-substituted styrene unit deactivates the 
metal centre towards an incoming, unsubstituted, relatively less electron-rich monomer. 
 The stability of dibenzyl titanium-[OSSO] complexes, generated by alkylation of their 
respective dichlorides, depends on their configurational stability. Fluxional 1,5-
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dithiapentanediyl-bridged or unsubstituted dibenzyl titanium species are unstable and 
decompose immediately upon reaction with B(C6F5)3, whilst 1,4-dithiabutanediyl-bridged 
complexes are stable and generate thermally sensitive but configurationally stable cations with 
B(C6F5)3. Activation of the latter with [PhNMe2H][B(C6F5)4] gave catalysts suitable for the 
isospecific living polymerisation of styrene.44,45  
 A similar discrepancy between the ethene polymerisation behaviour of 1,4-
dithiabutanediyl- and 1,5-dithiapentanediyl-bridged [Ti{OSSO}Cl2] catalysts was reported.
46 
The latter gives highly linear polyethene with modest activity. The former gives a branched 
polymer (0.2-2.0% branches) with activities up to 6200 kg mol-1 h-1 bar-1. Branching occurs 
by insertion of in situ generated α-olefins. The length of the branches depends on the 
experimental conditions, such as ethene pressure and the Al : Ti ratio. Copolymerisation 
experiments of ethene with styrene show up to 68% styrene incorporation with a remarkably 
high preference for alternating comonomer insertion. At low ethene concentration, 13C NMR 
analysis of the copolymer suggests that styrene is inserted via enantiomorphic site-control.47 
 In the homopolymerisation of α-olefins, stereocontrol of group 4 1,4-dithiabutanediyl-
bridged complexes [M{OSSO}Cl2] over the monomer is diminished. Proto and coworkers 
reported the atactic oligomerisation of propene with modest activity.48 Although primary 
insertion and termination proceed with 1,2-regioselectivity, propagation occurs with 
significant amounts of regioerrors. Remarkably, copolymerisation with styrene leads to long 
isotactic sequences of 2,1-inserted styrene, linked by short isotactic oligopropene blocks. 
More recently, the high temperature isotactic polymerisation of propene by group 4 metals 
containing bridged biaryl-based [OSSO] and [OOOO] ligands was reported in the patent 
literature.49  
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Scheme 1.5 
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 1-Hexene was oligomerised by borane-activated [M{2,2’-(OC6H2-4,6-R2)2SC2H4S}X2] 
(M = Ti, Zr, Hf; R = tBu, CMe2Ph; X = Me, CH2Ph) catalysts with high (Ti) to modest (Zr, 
Hf) activity to give low molecular weight oligo(1-hexene).50 Although stereocontrol is lacking 
with these catalysts, the regioselectivity of insertion can be tuned by selection of the 
appropriate metal centre (Scheme 1.5). Titanium catalysts prefer 2,1-enchainment of  
1-hexene at ambient and elevated temperatures, while the larger zirconium and hafnium 
oligomerise 1-hexene via 1,2-insertion. Related 2,5-dithiahexanediyl-bridged [M{OSSO}X2] 
(M = Ti, Zr; X = OiPr, OtBu, CH2Ph) all show fluxional behaviour, but zirconium catalysts 
bearing this ligand gave atactic low molecular weight poly(1-hexene) instead of oligomers.51 
Recently, a modification of this ligand bearing a 1,2-cyclooctanediyl bridge was shown to 
give high molecular weight isotactic poly(1-hexene) with good activity (Figure 1.5).52 
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Figure 1.5. 1-Hexene polymerisation activity of [Zr{OSSO}(CH2Ph)2] complexes. 
 
 In the polymerisation of conjugated dienes, most titanium-based catalysts generate 
polymers with a 1,4-cis microstructure, possibly due to reduction of the active centre to 
Ti(III).53 1,4-Dithiabutanediyl-bridged [Ti{OSSO}Cl2] however, efficiently polymerises 
butadiene with high 1,4-trans stereochemistry (87-96%).54 Isoprene polymerisation was much 
less efficient, but proceeded with similar stereoselectivity (80-91% 1,4-trans). 
Copolymerisation of ethene and butadiene proceeded with unprecedented activity, with up to 
65% butadiene incorporation.55,56 Butadiene and styrene can be copolymerised in nearly any 
ratio (15-97% styrene incorporation) without losing the stereo- and regiochemical 
characteristics of the monomers. Whilst the ethene-butadiene copolymerisation tends towards 
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insertion of isolated butadiene units, the latter shows a preference for random 
copolymerisation with short isotactic oligostyrene sequences.54  
 The trisubstituted double bond in 4-methyl-1,3-pentadiene inhibits 1,4-insertion in 
coordination polymerisation, which lends the monomer styrene-like polymerisation 
characteristics. Isotactic poly(4-methyl-1,3-pentadiene) is best produced by heterogeneous 
titanium and vanadium catalysts.57 Homogenous catalysts, including C2-symmetrical ansa-
metallocenes, produce syndiotactic or at best, partially isotactic poly(4-methyl-1,3-
pentadiene).53c,d,58 1,4-Dithiabutanediyl-bridged [Ti{OSSO}Cl2] is the sole exception, in 
which the enantiomorphic site control mechanism is not overridden by chain-end control, 
giving a highly isotactic 1,2-polymer with less than 3% of 1,4-regioerrors.59 
 
1.3 Scope and Outline of this Thesis 
 
 The first objective of this work is to develop enantiomerically pure group 4 catalysts 
capable of polymerising styrene in an isotactic fashion. Such catalysts can then be used to 
investigate the cryptochiral behaviour of isotactic oligostyrenes. The second objective is the 
development of new linear tetradentate bis(phenolato) ligands that are complementary to 
[OSSO]- and [ONNO]-type ligands already reported in the literature. The study of the 
coordination and polymerisation chemistry of group 4 bis(phenolato) complexes may help to 
better understand the effect that sulfur and nitrogen donor atoms have on the polymerisation 
behaviour of such catalysts. 
 Chapter 2 describes the attempted use of a chiral titanium template to force an achiral 
[OSSO]-type bis(phenol) to coordinate diastereoselectively to the metal centre. The partial 
hydrolysis of this species is also reported. 
 In chapter 3, the development and resolution of chiral cyclohexanediyl-bridged [OSSO]-
type bis(phenols) that precludes the need for a chiral template are decribed. The synthesis of 
enantiopure titanium complexes and their styrene polymerisation as well as oligomerisation 
behaviour are reported. The extent of cryptochirality of low molecular weight oligostyrenes is 
determined. 
 The reactivity of a cyclohexanediyl-bridged bis(phenol) towards vanadium(V) is 
demonstrated in chapter 4. The activity of this [OSSO]-vanadium complex in ethene 
polymerisation is tested. 
 In chapter 5, the synthesis of cyclohexanediyl-bridged mixed-donor [OSNO]-type 
bis(phenols) and their coordination chemistry to titanium are reported. Their styrene and  
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1-hexene polymerisation behaviour was investigated for comparison against that of [OSSO] 
and [ONNO] parent complexes. 
 In the last chapter, group 4 [ONNO] complexes are introduced that are direct nitrogen 
analogues to C2-bridged [OSSO]-type complexes. Synthesis, coordination chemistry and  
1-hexene and styrene polymerisation activity are discussed. 
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2. Synthesis and Partial Hydrolysis of an 
[OSSO]-Type Bis(phenolato) Titanium 
Binaphtolato Complex 
 
 
2.1 Introduction 
  
 A good understanding of the molecular mechanism and the origin of stereoselectivity in 
the polymerisation of α-olefins has led to the rational design of new highly active and 
selective metallocene and post-metallocene catalysts.1,2 However, for polymerisation of 
styrene the relationship between a catalyst’s structure and its polymerisation properties 
remains less clear.3 While styrene can be efficiently polymerised syndiotactically by 
titanium(III) half-sandwich complexes of the type [Ti(η5-C5R5)R]
+[A]-,4 examples of early 
transition metal-based homogeneous catalysts for the production of isotactic polystyrene have 
only been reported by Arai and coworkers.5  
 Recently, Okuda and coworkers have introduced a series of group 4 metal catalysts 
bearing 1,ω-dithiaalkanediyl-bridged bis(phenolato) [OSSO]-type ligands, some of which are 
able to isospecifically polymerise styrene.3,6 It was found that the stereoregularity of the 
polystyrene depends on the size of the ortho-substituent of the phenol moiety. If insufficient 
in size (smaller than tBu), syndiotactic polystyrene is obtained or tacticity is entirely lost.3 An 
additional important factor is the length of the bridge.6 Mono-sulfur-bridged systems produce 
mainly syndiotactic polystyrene and 1,3-propanediyl-bridged systems are conformationally 
fluxional and therefore lack the C2-symmetry required for isospecific styrene polymerisation. 
The conformational stability of the C2-bridged [OSSO] ligand is a key factor in this process 
and is therefore the subject of current research efforts. The ligand adopts a helical cis-α 
conformation upon coordination to the group 4 metal centre, which renders the complex chiral 
at the metal centre.7,8 In order to better study the conformational stability of these chiral 
complexes access to their enantiomers is desirable. Furthermore, enantiopure bis(phenolato) 
complexes are of interest for mechanistic studies and for asymmetric catalysis, including 
asymmetric polymerisation catalysis.9  
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2.2 Results and Discussion 
 
2.2.1 Synthesis and resolution 
 
 To achieve resolution of these complexes, stereoselective complexation of the bis(phenol) 
to the metal centre was attempted by employment of a ligand that can serve as a chiral 
template. For this purpose 1,1’-bi-2-naphtol (BINOL) was chosen because of its availability 
and its ease of functionalisation.10 Widely used as a catalyst in asymmetric transformations, 
[Ti{(R)-C20H12O2}(O
iPr)2] occurs as a monomer, dimer or trimer depending on the 3,3’-
substitution of the BINOL.11 Complex [Ti{(R)-C20H12O2}(O
iPr)2] is accessible in high yield 
by reaction of Ti(OiPr)4 with (R)-BINOL.
11a  
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Scheme 2.1. 
 
 Subsequent reaction with 1,4-dithiaalkanediyl-2,2’-bis(6-tert-butyl-4-methylphenol) in 
toluene at room temperature gives [Ti{(R)-C20H12O2}{2,2’-(OC6H2-6-
tBu-4-Me)2SC2H4S}] 
(1) as an orange-red powder (Scheme 2.1). Two sets of product resonances in the 1H and 13C 
NMR spectra suggest the formation of two diastereomeric products in a ratio of 1 : 2. 
Complexation of the [OSSO]H2 ligand to the template therefore proceeds with low 
diastereoselectivity. In the 1H NMR spectrum the methylene protons in the backbone of the 
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bis(phenolato) ligand appear as AA’BB’ doublets at 3.10 and 2.60 ppm with 2JHH = 10.6 Hz. 
The observation in the 1H NMR spectrum of six binaphtoxy resonances and single resonances 
for the tert-butyl and methyl substituents for each diastereomer support the formation of two 
C2-symmetrical species. Separation of the diastereomers of 1 by fractional crystallisation 
proved to be unsuccessful despite attempts from a range of solvents. Reaction with sterically 
more encumbered 3,3’-substituted BINOLs (R = Me, SiMe3) to improve the efficacy of the 
chiral template did not afford the desired products at all.10b  
 
 
Figure 2.1. ORTEP diagram of 1 with thermal ellipsoids drawn at the 50% probability level. Hydrogen 
atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): Ti1–O1 1.895(7), Ti1–O2 
1.856(7), Ti1–O3 1.848(7), Ti1–O4 1.835(8), Ti1–S1 2.691(3), Ti1–S2 2.654(4), O1–Ti1–O2 153.8(3), 
O3–Ti1–O4 96.8(3), S1–Ti1–S2 79.73(11). 
 
 Nevertheless, single crystals suitable for X-ray analysis could be grown from diethyl ether 
solution at -30 °C in which the (R, Λ)-diastereomer of 1 cocrystallises with two 
crystallographically independent molecules of a second product (2) (vide infra). The ORTEP 
diagram for 1 and selected bond lengths and bond angles are shown in Figure 2.1. The results 
confirm the formation of a C2-symmetrical chiral complex with a cis-α configuration in the 
solid state. Bond parameters for the bis(phenolato) ligand are within the range commonly 
observed for this type of octahedral complexes.6 The Ti–O bond distances for the binaphtoxy 
moiety (1.835(8)-1.848(7) Å) are much shorter than the Ti–Cl bonds in comparison to the 
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analogous bis(phenolato) titanium dichloride (2.25 Å).3,6d The reduced bond distance and 
smaller bite angle (O3–Ti–O4 = 96.8(3)° versus Cl–Ti–Cl = 103.4(1)°) forces O1 and O2 in 
the axial positions to bend away more from their ideal octahedral positions (O1–Ti–O2 = 
153.8(3)° versus O–Ti–O = 156.7(2)°). 
 
2.2.2 Partial hydrolysis 
 
 A solution of 1 in acetone did afford single crystals suitable for X-ray analysis after 24 
hours at 25 °C. The results showed the formation of a dinuclear complex [µ-{(R)-C20H12O2}-
µ-O-{Ti[2,2’-(OC6H2-6-
tBu-4-Me)2SC2H4S]}2] (2), in which one binaphtoxy group and an 
oxygen atom bridge two bis(phenolato) titanium fragments. Most likely, this product is 
formed by partial hydrolysis of 1 by water present in the solvent (Scheme 2.2). Complex 2 can 
also be obtained directly from the crude reaction mixture without isolation of 1. The high 
yield (80%) of the reaction exceeds the theoretical maximum that can be expected for a 1 : 2 
diastereomer mixture. This implies the possibility of inversion of the chirality at the metal 
centre to form a thermodynamically favoured diastereomer.12  
 The 1H NMR spectrum shows six binaphtoxy resonances, indicating C2-symmetry of the 
complex in solution. The presence of two different bridging ligands renders the tert-butyl and 
methyl substituents within each [OSSO] ligand inequivalent, which is confirmed by the 
presence of two tert-butyl and two methyl resonances. The protons in the bis(phenolato) 
backbone are all inequivalent and appear as ABCD double doubled doublets around 2.85 and 
2.20 ppm with 2JHH ≈ 
3
JHH-anti = 13-14 Hz and 
3
JHH-gauche ≈ 2.5 Hz. 
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 Figure 2.2. ORTEP diagram of 2 with thermal ellipsoids drawn at the 30% probability level. One of 
three crystallographically independent molecules is shown. Hydrogen atoms and tBu groups are 
omitted for clarity. Selected bond lengths (Å) and angles (°): Ti1–O1 1.917(5), Ti1–O2 1.907(5), Ti1–
O5 1.815(5), Ti1–O7 1.799(5), Ti1–S1 2.711(3), Ti1–S2 2.696(3), Ti2–O3 1.894(5), Ti2–O4 1.887(5), 
Ti2–O6 1.812(5), Ti2–O7 1.815(5), Ti2–S3 2.711(3), Ti2–S4 2.684(2), O1–Ti1–O2 153.2(2), S1–Ti1–
S2 78.36(7), O5–Ti1–O7 102.8(2), O3–Ti2–O4 151.3(2), S3–Ti2–S4 80.00(8), O6–Ti2–O7 102.5(2),  
Ti1–O7–Ti2 143.9(3). 
 
 The unit cell of the crystal contains three crystallographically independent molecules. All 
five molecules of 2 in both crystals are closely related in structure. The titanium centres in 
these molecules are in distorted octahedral environments. An ORTEP diagram for 2 and 
selected bond lengths and bond angles are shown in Figure. 2.2. Noteworthy features of this 
structure are its large bond angles at the oxygen atoms of the binaphtoxy ligand and at the 
oxygen bridge (bond angles vary between 141.6(4)-154.0(6)° and 143.9(3)-146.0(4)° 
respectively), which suggest a strong Ti–O π-interaction.13,14  
 The steric requirements of the binaphtoxy–Ti2–O framework force the [OSSO] ligands to 
bend away slightly, which decreases the bond angle between the metal centre and the axial 
bis(phenolato) oxygen atoms to 151-154°. The two (Ar)O–Ti–O(Ar) axes are not entirely 
aligned in the solid state to minimise steric hindrance. In contrast to the non-diastereoselective 
synthesis of 1, all bis(phenolato) ligands display the same chiral conformation in both crystal 
structures. Thus, an optically active complex ( 23][ Dα  = 631.2° in CH2Cl2) with exclusively Λ-
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chirality at the titanium centres is obtained. High optical rotation is commonly observed for 
related binaphtoxy complexes.15 
 
2.3 Conclusions 
 
 A chiral binaphtoxytitanium bis(phenolato) complex was synthesised, but attempts to use 
the binaphtoxy ligand as a chiral template for the diastereoselective synthesis of titanium 
bis(phenolato) complexes were unsuccesful. Unexpectedly, the partial hydrolysis of such 
species in acetone solution does proceed diastereoselectively. A chiral dinuclear binaphtoxy-
bridged complex is obtained, in which the bis(phenolato) ligands exclusively coordinate to the 
titanium centre in the Λ configuration. 
 
2.4 Experimental Section 
 
General considerations 
 
 For general remarks and details on analytical equipment, see Appendix A.1. (R)-(+)-1,1’-
bi-2-naphtol was purchased from Acros and used as received. [Ti{(R)-C20H12O2}(O
iPr)2], 
[2,2’-(HOC6H2-6-
tBu-4-Me)2SC2H4S] and 2-tert-butyl-6-mercapto-4-methylphenol were 
synthesised following published procedures.6a,11e,16  
 
Syntheses 
 
 Synthesis of [Ti{(R)-C20H12O2}{2,2’-(OC6H2-6-
t
Bu-4-Me)2SC2H4S}] (1). A solution of 
[2,2’-(HOC6H2-6-Bu-4-Me)2SC2H4S] (0.279 g, 0.67 mmol) in 15 mL of toluene was added to 
a solution of [Ti{(R)-C20H12O2}(O
iPr)2] (0.302 g, 0.67 mmol) in 20 mL of toluene at 25 °C. 
The mixture was stirred overnight at the same temperature, after which the volatiles were 
removed in vacuo. The resulting oily red solid was washed with pentane and subsequently 
dried. An orange powder was obtained by diffusion of pentane into a toluene solution of the 
product; yield 0.212 g (43%). Single crystals suitable for X-ray analysis could be obtained 
from Et2O solution after several months at -30 °C. These red crystals consisted of 
cocrystallised 1 and 2.  
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 1H NMR (major diastereomer): δ = 0.95 (s, 18H, C(CH3)3), 2.29 (s, 6H, CH3), 2.57 (d, 
2
JHH = 10.7 Hz, 2H, SCH), 3.12 (d, 
2
JHH = 10.6 Hz, 2H, SCH), 6.89 (d, 
3
JHH = 8.7 Hz, 2H, 
C20H12 C-4), 7.05 (m, 2H, C6H2 CH), 7.07 (m, 2H, C6H2 CH), 7.11-7.19 (m, C20H12 C-7 and 
C-8, overlap with minor diastereomer), 7.25 (m, C20H12 C-6, overlap with solvent and minor 
diastereomer), 7.63 (d, 3JHH = 8.8Hz, 2H, C20H12 C-3), 7.74 (d,
3
JHH = 8.1 Hz, 2H, C20H12  
C-5);  
 13C{1H} NMR (major diastereomer): δ = 20.9 (CH3), 28.8 (C(CH3)3), 34.7 (C(CH3)3), 
38.00 (SCH, overlap with minor diastereomer), 116.0 (C20H12 C-1), 117.9 (C6H2), 119.4 
(C20H12 C-3), 123.05 (C20H12 C-6), 125.47 (C20H12 C-8, overlap with minor diastereomer), 
127.48 (C20H12 C-7, overlap with minor diastereomer), 127.7 (C20H12 C-5), 129.4 (C20H12  
C-4), 130.16 (C6H2 CH), 130.22 (C6H2), 130.34 (C6H2 CH), 133.5 (C20H12 C-9), 137.7 
(C6H2), 159.7 (C20H12 C-2), 166.3 (C6H2).  
 1H NMR (minor diastereomer): δ = 1.04 (s, 18H, C(CH3)3), 2.20 (s, 6H, CH3), 2.63 (d, 
2
JHH = 10.6 Hz, 2H, SCH), 3.10 (d, 
2
JHH = 10.4 Hz, 2H, SCH), 6.98 (m, 2H, C6H2 CH), 7.03 
(m, 2H, C6H2 CH), 7.11-7.19 (m, C20H12 C-7 and C-8, overlap), 7.32 (m, 2H, C20H12 C-6, 
overlap), 7.44 (d, 3JHH = 8.8 Hz, 2H, C20H12 C-4), 7.82 (d, 
3
JHH = 8.1, 2H, C20H12 C-5), 7.90 
(d, 3JHH = 8.8 Hz, 2H, C20H12 C-3);  
 13C{1H} NMR (minor diastereomer): δ = 20.7 (CH3), 29.1 (C(CH3)3), 34.9 (C(CH3)3), 
38.03 (SCH, overlap), 115.7 (C20H12 C-1), 118.0 (C6H2), 120.5 (C20H12 C-3), 123.14 (C20H12 
C-6), 125.49 (C20H12 C-8, overlap), 127.46 (C20H12 C-7, overlap), 127.6 (C20H12 C-5), 129.5 
(C20H12 C-4), 130.27 (C6H2 CH), 130.29 (C6H2), 130.7 (C6H2), 133.6 (C20H12 C-9), 137.2 
(C6H2), 159.2 (C20H12 C-2), 166.7 (C6H2). 
 
 Synthesis of [µ-{(R)-C20H12O2}-µ-O-(Ti{2,2’-(OC6H2-6-
t
Bu-4-Me)2SC2H4S})2] (2). 
Following a similar procedure as reported for 1, the crude reaction mixture was dried, 
redissolved in acetone and the solution was left to stand in air for 24 h. Red crystals were 
isolated in 80% yield (relative to [2,2’-(HOC6H2-6-
tBu-4-Me)2SC2H4S]).  
 1H NMR (CD2Cl2): δ = 0.65 (s, 18H, C(CH3)3), 0.94 (s, 18H, C(CH3)3), 2.11 (ddd, 
2
JHH = 
13.2 Hz, 3JHH = 13.9 Hz, 
3
JHH = 2.8 Hz, 2H, SCH), 2.23 (s, 6H, CH3, overlap with SCH and 
CH3), 2.24 (ddd, 2H, SCH), 2.25 (s, 6H, CH3), 2.80 (ddd, 
2
JHH = 14.1 Hz, 
3
JHH = 2.4 Hz, 
3
JHH 
= 2.4 Hz, 2H, SCH), 2.86 (ddd, 2JHH = 13.7 Hz, 
3
JHH = 2.5 Hz, 
3
JHH = 2.5 Hz, 2H, SCH), 6.80 
(d, 2H, C20H12 C-4), 6.90 (d, 2H, C20H12 C-8), 6.93 (m, 2H, C6H2 CH, overlap with C6H2 CH), 
6.94 (m, 2H, C6H2 CH), 7.03 (m, 2H, C6H2 CH), 7.05 (m, 2H, C6H2 CH), 7.11 (t, 2H, C20H12 
C-7), 7.23 (t, 2H, C20H12 C-6), 7.52 (d, 2H, C20H12 C-3), 7.73 (d, 2H, C20H12 C-5);  
Chapter 2 
 26 
 13C{1H} NMR (CD2Cl2): δ = 20.8 (CH3), 20.9 (CH3), 29.2 (C(CH3)3), 29.5 (C(CH3)3), 
34.58 (C(CH3)3), 34.61 (C(CH3)3), 37.7 (SCH), 38.6 (SCH), 117.2 (C20H12 C-1), 118.9 
(C6H2), 122.4 (C20H12 C-4), 123.0 (C20H12 C-6), 125.7 (C20H12 C-7), 126.4 (C20H12 C-8), 
128.3 (C20H12 C-5), 129.1 (C20H12 C-3), 129.43 (C6H2), 129.47 (C6H2), 129.6 (C6H2 CH), 
129.8 (C6H2 CH), 130.2 (C6H2 CH), 130.5 (C20H12 C-1), 130.6 (C6H2 CH), 135.1 (C20H12 C-
9), 137.5 (C6H2), 137.7 (C6H2), 163.9 (C20H12 C-2), 167.3 (C6H2), 167.9 (C6H2).  
 23][ Dα  = +631.2° (c = 10.4 mg mL
1, CH2Cl2). Anal. calcd (%) for C68H76O7S4Ti2 (1229.33): 
C, 66.44; H, 6.23; S, 10.43. Found: C, 66.03; H, 6.08; S, 10.57. 
 
Crystallographic data  
 
 For general remarks and details on X-ray structure analysis, see Appendix A.2. Diffraction 
data of 1 were obtained from a crystal also containing two molecules of 2 and four molecules 
of cocrystallised Et2O per unit cell. Anisotropic displacement parameters were refined for 
nearly all of the non-hydrogen atoms. Only the Et2O molecules in the crystal containing 1 as 
well as three other non-hydrogen atoms in this structure were refined with isotropic 
displacement parameters. All hydrogen atoms were included into idealised positions. Due to 
the poor quality of this crystal, only data up to a θ value of 22° could be collected. The second 
crystal structure contains three crystallographically independent molecules of 2 and also a 
large void (1425 Å3 according to PLATON).17 1H NMR spectroscopy showed that crystals of 
2 incorporate a large amount of H2O. Due to the unresolvable disorder, the water molecules in 
the crystal were squeezed out using PLATON.18 Crystallographic data and data collection 
parameters are summarised in Table A.1. 
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3. Optically Active Oligostyrenes from 
Enantiomerically Pure [OSSO]-Type 
Titanium Complexes 
 
 
3.1 Introduction 
  
 The term “cryptochirality” was introduced by Mislow and Bickart in 1977 to describe a 
chiral molecule, whose chirality cannot be operationally determined.1 This term applies to 
isotactic poly(α-olefins), in which a large number of chiral centres is formed from prochiral 
olefins. At high molecular weights isotactic polymers possess pseudo Cs-symmetry, because a 
chiral centre cannot distinguish both ends of the polymer chain (Figure 3.1).2,3 Optically 
active poly(α-olefins) can be obtained in cases where the pseudosymmetry is destroyed,4 for 
example by (co)polymerisation of a chiral monomer5,6 or by the presence of specific 
stereosequences in the main-chain of the polymer.7,9b Often, optical activity stems from the 
formation of helical structures with a preferred screw sense.8  
 
∗ ∗
R
∗
n m
∗∗
(S) (R)
a)
b)
 
Figure 3.1. Cryptochiral molecules: a) 5-ethyl-5-propylundecane, and b) high molecular weight 
isotactic polystyrene. 
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 The development of well-defined,9 chiral and in rare cases enantiopure10 ansa-metallocene 
complexes has allowed the observation of enantiofacial selectivity of insertion of the prochiral 
olefin insertion at the metal centre during oligomerisation.3,6,11 At what degree of 
polymerisation the observable optical activity of poly(α-olefins) disappears and whether 
“homochiral” isotactic poly(α-olefins) can be accessed are questions unsufficiently addressed 
so far.12 
 Chiral, configurationally rigid bis(phenolato) titanium catalysts derived from linear 
tetradentate 1,ω-dithiaalkanediyl-bridged [OSSO]-type ligands efficiently polymerise styrene 
to give isotactic polystyrene (iPS).13 Previously, iPS has been prepared using heterogeneous 
Ziegler-type catalysts and characterised as the first crystallisable polyolefin by Natta and 
coworkers.14 In contrast to homogeneous catalysts for the syndiotactic polymerisation of 
styrene, of which many have been discovered since their introduction by Ishihara and 
coworkers,15,16 very few other homogeneous catalysts for the production of highly isotactic 
polystyrene are known.17,18 Although the aforementioned [OSSO]-titanium complexes are 
chiral, they are not easily resolved, partly because complexation of the ligand to the titanium 
centre is not stereoselective.19 We have recently prepared optically active catalyst precursors, 
which feature an inherently chiral, dithiacyclohexanediyl-bridged [OSSO]-ligand. Using 
chain-transfer methodology in the presence of 1-hexene, we demonstrate that the insertion of 
styrene in such post-metallocene catalysts20 occurs stereospecifically, giving optically active 
isotactic styrene oligomers.21 
 
3.2 Results and Discussion 
 
3.2.1 Ligand synthesis and resolution 
 
 The racemic bis(phenol) ligand precursors could be obtained in three steps by consecutive 
nucleophilic substitutions (Scheme 3.1). The syntheses feature ring opening of cyclohexene 
oxide by an hydroxyarenethiolate to give the appropriate (trans-2-hydroxycyclohexyl)phenols 
(3-6). Chlorination of the hydroxycyclohexyl moiety with thionyl chloride in CH2Cl2 to the 
corresponding (trans-2-chlorocyclohexyl)phenols (7-10) and subsequent substitution by a 
second equivalent of arenethiolate afforded the racemic bis(phenols) in 57-90% overall yield. 
Exclusively 1,2-trans-bridged bis(phenols) were formed due to anchimeric assistance of the 
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thioarene moiety via a thiiranium intermediate.22 This is in agreement with X-ray analysis of 
single crystals of racemic 7, which shows a trans product. 
 
O
R1
R2
OH
SH
+
NaOH, MeOH
CH2Cl2
R1
R2
OH
SH
NaOH
MeOH
11-14
S
S OH
R1
R2
OH
R1
R2
(R)
(R)
SOCl2
Cl
S
OH
R1R2
(R)
(R)
+
+
S
S OH
R1
R2
OH
R1
R2
(S)
(S)
7-10
3,7,11 R1 = R2 =
tBu
4,8,12 R1 =
tBu, R2 = Me
5,9,13 R1 = R2 =
iPr
6,10,14 R1 = H, R2 = Me
Cl
S
OH
R1R2
(S)
(S)
3-6
 
Scheme 3.1 
  
S
S∗
∗
O
tBu
R
O
tBu
R
S
O
O
O
S
O
O
O(1S)-C10H15SO2Cl
2 nBuLi
(S,S,S,S)- and (R,R,S,S)-diastereomers
15 R = tBu
16 R = Me
11 R = tBu
12 R = Me
S
S∗ OH
R1
R2
OH
R1
R2
(S)
(S)
∗
 
Scheme 3.2 
 
Chapter 3 
 34 
 For chiral resolution, 11 and 12 were modified with a suitable chiral ancillary. Lithiation 
of the ligand with n-butyllithium and subsequent reaction with two equivalents of (1S)-
camphorsulfonyl chloride in diethyl ether afforded the diastereomeric bis((1S)-camphor-
sulfonates) (S,S,S,S)-15, (S,S,S,S)-16, (R,R,S,S)-15 and (R,R,S,S)-16 in good yield (Scheme 
3.2). Traces of starting material and monosubstituted product were removed by column 
chromatography. Fractional crystallisation of the diastereomers was attempted from a variety 
of common solvents. Acetone and cyclohexane were found to be most suitable for 15 and 16, 
respectively. Hydrolytic cleavage of the sulfonate ester with aqueous NaOH in a 1 : 1 mixture 
of THF and methanol afforded the enantiopure bis(phenols) (-)-(R,R)-11, (-)-(R,R)-12 and (+)-
(S,S)-11 in good yield.  
 
 
Figure 3.2. ORTEP diagram of (S,S)-11 with thermal ellipsoids drawn at the 50% probability level. 
Hydrogen atoms are omitted and a single disordered structure is shown for clarity. Selected bond 
lengths (Å) and angles (°): C1–O1a 1.407(5), C22–O2a 1.368(5), C2–S1 1.783(3), C15–S1 1.843(3), 
C21–S2 1.789(3), C16–S2 1.854(3), C2–S1–C15 103.31(14), C21–S2–C16 105.71(13),  
S1–C15–C16–S2 52.4(3). 
 
 In the case of 16, the second diastereomer could not be obtained in more than 71% d.e., 
even after repeated recrystallisations. Alternatively, access to all enantiopure bis(phenols) was 
achieved by preparative (chiral) HPLC of diastereomers 15 and racemic 12.23 The absolute 
configuration of the enantiopure bis(phenols) 11 and 12 was established by single-crystal X-
ray crystallography of resolved 11 (Figure 3.2) and diasteromers 15 and 16 (See Appendix 
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A.3). The chiral bis(phenols) were further characterised by optical rotation and CD 
spectroscopy (Figure 3.3).  
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Figure 3.3. CD spectra of the enantiomerically pure bis(phenols) (+)-(S,S)-11 and (-)-(R,R)-11. 
Conditions: c = 10-3 M (CH2Cl2, 25 °C). 
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3.2.2 Complex synthesis and characterisation 
 
 Reaction of racemic 11 and 12 with TiX4 in pentane proceeded smoothly to give the 
appropriate [Ti{OSSO}X2] complexes (17, 18: X = Cl; 21, 22: X = O
iPr) in good yield 
(Scheme 3.3). The 1H NMR spectra of these compounds all show a single set of resonances 
for the arene substituents of the ligand, which suggests the formation of C2-symmetrical 
species of cis-α geometry.24 High-temperature NMR measurements show that complexes 17, 
18, 21 and 22 are configurationally stable at 80 °C and that no significant decomposition 
occurs. Dithiabutane-bridged [OSSO]-titanium complexes with ortho-substituents smaller 
than tBu are not configurationally stable at room temperature (R = H) or at 80 °C (R = iPr).25 
 
 
Figure 3.4. ORTEP diagram of 20 with thermal ellipsoids drawn at the 50% probability level. 
Hydrogen atoms are omitted for clarity and primed atoms are related by symmetry. Selected bond 
lengths (Å) and angles (°): Ti–O 1.8655(14), Ti–S 2.6188(6), Ti–Cl 2.2618(6), O–Ti–O’ 158.06(9),  
S–Ti–S’ 80.11(3), Cl–Ti–Cl’ 106.13(4). 
 
 To determine the stabilising effect of the bridge on the configuration of the titanium 
complex, analogous dithiacyclohexane-bridged racemic bis(phenols) [2,2’-{HOC6H2-4,6-
iPr2}SC6H10S] (13) and [2,2’-{HOC6H3-4-Me}SC6H10S] (14) and their respective dichloro 
titanium complexes 19 and 20 were synthesised. A stable cis-α configuration was inferred 
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from single-crystal X-ray diffraction data of 20 (Figure 3.4) and NMR spectra of 19 and 20, 
which feature single C2-symmetrical species. Remarkably, variable temperature NMR in 
C2D2Cl4 showed complex 20 to be configurationally stable up to 100 °C.  
 The observation of a single product in the NMR spectra of compounds 17-20 and 21-22 
excludes the formation of diastereomer pairs. Thus, introduction of a chiral 
dithiacyclohexanediyl backbone in 11-14 resulted in diasteroselective formation of only one 
pair of enantiomers of complexes 17-21. This result was supported by X-ray diffraction of 
single crystals obtained from the synthesis of racemic 17. Only enantiomers (Λ,R,R)-17 and 
(∆,S,S)-17 were present; (∆,R,R)-17 and (Λ,S,S)-17 were not observed. The reaction of 
enantiopure bis(phenols) (-)-(R,R)-11-14 and (+)-(S,S)-11-14 with TiX4 therefore leads to the 
corresponding optically active complexes (Λ,R,R)-[Ti{OSSO}X2] and (∆,S,S)-[Ti{OSSO}X2] 
(X = Cl, OiPr) respectively, of which 17, 18, 21, and 22 were fully characterised. Noteworthy 
is the change of the sign of rotation between chiral chloro and isopropoxy complexes. The 
Cotton-effect in the CD spectra of the corresponding enantiomers of 17 and 22 in CH2Cl2 
shows the same sign up to ca. 425 nm (Figure 3.5). At higher wavelengths ∆ε approaches zero 
for 22. 
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Figure 3.5. CD spectra of the enantiopure titanium complexes of 17 and 22. Conditions: c = 10-4 M 
(CH2Cl2, 25 °C). 
 
 The absolute configuration of complexes (-)-(Λ,R,R)-18 and (+)-(Λ,R,R)-18 was 
established by single-crystal X-ray crystallography, which corroborated the expected cis-α 
configuration of the tetradentate ligand around an octahedral titanium centre. The structural 
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features of complex (Λ,R,R)-18 (Figure 3.6), which was crystallised from CH2Cl2, closely 
resemble those of the recently published 17 and dithiabutanediyl-bridged [Ti{OSSO}Cl2] 
complexes with phenoxy groups in the apical positions and the chloride ligands in cis 
positions.25,26 Bond lengths and bond angles are well within the range commonly observed for 
structurally related complexes.13,27,28 Only poorly diffracting single crystals of diisopropoxy 
titanium complex (Λ,R,R)-22 could be obtained from hexamethyldisiloxane solution, but the 
quality of the structure is sufficient to determine the wrapping mode of the ligand and its 
absolute configuration (See Appendix A.3). The unit cell contains three crystallographically 
independent molecules with slightly varying bond lengths and bond angles. With 1.749-1.790 
Å the isopropoxy Ti–O bonds are considerably shorter than the Ti–Cl bonds of 17 (2.24-2.26 
Å), which causes a lengthening of the phenolic Ti–O bonds from 1.85-1.86 Å to 1.92-1.94 Å. 
The large Ti–O–C bond angles of the isopropoxy ligands (142-168°) suggest significant Ti–O 
π-interaction.27a,29 
 
 
Figure 3.6. ORTEP diagram of (Λ,R,R)-18 with thermal ellipsoids drawn at the 50% probability level. 
Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): Ti–O1 1.858(4),  
Ti–O2 1.855(4), Ti–S1 2.6353(17), Ti–S2 2.6206(16), Ti–Cl1 2.2676(17), Ti–Cl2 2.2509(17),  
O1–Ti–O2 158.50(19), S1–Ti–S2 78.77(5), Cl1–Ti–Cl2 106.96(7). 
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3.2.3 Benzyl cation 
  
 To gain insight into the active species of isospecific styrene polymerisation using the 
above mentioned titanium precursors, the synthesis and characterisation of the benzyl cation 
was attempted.27a,b Reaction of 18 with two equivalents of benzylmagnesium chloride 
proceeds smoothly in pentane at low temperature to give the appropriate dibenzyl titanium 
complex 23 in 56% yield (Scheme 3.4). The 1H NMR spectroscopic data of 23 in C6D6 is 
consistent with the expected cis-α geometry of the ligand around the titanium centre. The 
benzylic protons appear as AB doublets at 3.42 and 3.50 ppm with a coupling constant of 2JHH 
= 9.0 Hz. In the 13C NMR spectrum the benzylic carbon atoms are found at 88.9 ppm. The 
coupling constant of 1JCH = 132 Hz exceeds values normally found for η
1-coordinated benzyl 
groups (122-126 Hz)30 and was found to be very similar to that of the closely related 
[Ti{(OC6H2-4,6-
tBu2)2SC2H4S}(CH2Ph)2].
27a No significant high field shift was observed for 
the ortho-H resonances of the benzyl group, which suggests that partial η2-coordination to the 
metal centre in solution is weak.30a,b,31,32 In the solid state 23 is stable at -30 °C for prolonged 
periods and single crystals suitable for X-ray analysis could be grown from a pentane solution 
at -30 °C over a period of several days (Figure 3.7).  
 
PhCH2MgCl
O
O
S
tBu
Me
tBu
Me
Ti
Cl
Cl
S
18
O
O
S
tBu
Me
tBu
Me
Ti
CH2Ph
C
H2
S
23  
Scheme 3.4 
 
 The solid-state structure shows the cis benzyl moieties and the [OSSO] ligand in a 
distorted octahedral environment (O1–Ti–O2 = 159.60(10)°). The benzyl ligands coordinate 
in η1- and partial η2-bonding modes, with Ti–Cα–Cipso bond angles of 119.0(2)° and 
100.3(3)°, respectively. The more acute bond angle associated with η2-coordination results in 
a relatively short Ti–Cipso bond distance of 2.797 Å. The increased steric requirement of the 
benzyl ligands over the chloro ligands is reflected in the large increase in bond angle from 
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106.97(7)° (Cl1–Ti–Cl2) to 119.17(15)° (C29–Ti–C36). The widening of this angle causes a 
reduction of the S1–Ti–S2 bond angle from 78.77(5)° (18) to 76.82(3)° (23) and subsequent 
lengthening of the Ti–S1 bond trans to the η1-benzyl moiety by ca. 0.09 Å to accommodate 
the C2S2Ti framework. A similar bond lengthening effect was observed for [Ti{(OC6H2-4,6-
tBu2)2SC2H4S}(CH2Ph)2], although in that case the Ti–S bond trans to the η
2-coordinated 
benzyl group was affected.  
 
 
Figure 3.7. ORTEP diagram of 23 with thermal ellipsoids drawn at the 50% probability level. 
Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): Ti–O1 1.873(2),  
Ti–O2 1.989(2), Ti–S1 2.7382(12), Ti–S2 2.6468(13), Ti–C29 2.138(4), Ti–C36 2.145(3), O1–Ti–O2 
159.60(10), S1–Ti–S2 76.82(3), C29–Ti–C36 119.17(15), Ti–C29–C30 100.3(3), Ti–C36–C37 
119.0(2). 
 
 Notably, the structural features of both dibenzyl complexes are quite dissimilar. Whilst the 
phenyl rings of the benzyl groups of [Ti{(OC6H2-4,6-
tBu2)2SC2H4S}(CH2Ph)2] are directed 
outwards from each other to reduce steric interactions, the η2-benzyl moiety of 23 is pointed 
towards the other benzyl group. This leads to an increase in the C–Ti–C bond angle 
(90.57(8)° vs 119.17(15)°) and a decrease in the titanium–sulfur bond lengths of 0.10-0.15 Å 
(2.8836(7), 2.7472(7) Å vs 2.7382(12), 2.6468(13) Å).  
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Scheme 3.5 
 
 Reaction of 23 with one equivalent of B(C6F5)3 in C6D5Br at -30 °C did not give clean 
formation of the expected [Ti{OSSO}CH2Ph]
+[PhCH2B(C6F5)3]
- (Scheme 3.5). In addition to 
the benzylic AB doublets in the 1H NMR at 3.80 and 3.85 ppm (2JHH = 4.8 Hz) that were 
assigned to TiCH2 of the aforementioned species, two smaller sets of AB doublets at 3.35/4.03 
ppm (2JHH = 5.9 Hz) and 2.95/3.55 ppm (
2
JHH = 7.1 Hz) were observed. The former two 
signals could be correlated to 13C NMR resonances at 98.37 and 99.87 ppm, but in contrast to 
[Ti{(OC6H2-4,6-
tBu2)2SC2H4S}CH2Ph]
+, no diastereomer formation due to slow benzyl 
epimerisation on the NMR time scale occurred. For the aryl substituents multiple signals, 
consistent with the presence of at least two C1-symmetric species, were observed. The single 
proton resonance for BCH2 at 3.47 ppm integrates 1 : 1 with the combined TiCH2 resonances. 
Besides the presence of residual B(C6F5)3 it was observed from 
11B- and 19F NMR that no 
arene coordination of the anion occurs33 and that the ion pair is solvent separated.34 At 10 °C 
the main benzyl resonances and arene substituents coalesce to give an apparent C2-
symmetrical species, featuring a broad benzyl resonance at 3.88 ppm in the 1H NMR spectrum 
at 25 °C. Above 10 °C an increase in intensity of the third set of benzyl resonances and 
collapse of the BCH2 resonance suggest slow decomposition of the cationic species. 
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3.2.4 Styrene polymerisation 
 
 To extend our previous studies on homogeneous styrene polymerisation, racemic and 
optically active precatalysts 17, 18 and 20-22 were activated with MAO to give 
conformationally stable alkyl cations, which were tested for styrene polymerisation (Table 
3.1). In comparison to their C2-bridged counterparts, cyclohexanediyl-bridged bis(phenolato) 
titanium dichloride complexes give much less active catalysts.25,26 Precatalyst 18 produces 
significantly lower molecular weight iPS than 17, but both 17 and 18 give polymers with 
narrow molecular weight distributions, consistent with the presence of a single active species. 
 Complex 20 polymerises styrene with very low activity, giving mainly low molecular 
weight atactic polystyrene. Thus, for isospecific polymerisation to occur, the configurational 
stability of the catalyst by itself is not sufficient, and that the presence of large ortho-
substituents is required. The relative stability of the titanium isopropoxy oxygen bonds in 21 
and 22 resulted in trace activity. The chiral, high molecular weight isotactic polystyrene 
obtained from enantiopure catalysts did not show any optical activity due to cryptochirality. 
 
Table 3.1. Styrene polymerisation activity of complexes 17, 18 and 20-22. 
Entry
[a] 
Precatalyst
[b] 
Yield (mg) Activity
[c] 
Mn × 10
-3 [d]
 Mw / Mn
[d] 
1 17 937 127 403 1.65 
2 18 667 91 283 1.51 
3[e] 20 14 2 7.5 - 
    1657  
4[e] 21 < 5 trace 20 - 
    400  
5[e] 22 < 5 trace 15 - 
    250  
6 (R,R)-17 1100 146 511 1.60 
7 (S,S)-17 576 78 298 1.43 
[a] Polymerisation conditions: 1.25 µmol of complex; [Al] : [M] = 1500; 5 mL of styrene in 7.5 mL of 
toluene; T = 40 °C; t = 2 h. [b] Activated with MAO. [c] (kg polymer) (mol catalyst)-1 [styrene (mol L-1)]-1 
h-1. [d] Determined by GPC using polystyrene standard. [e] Bimodal distribution; aPS due to MAO not 
washed out because of low polymer yield. 
3.2.5 Styrene oligomerisation 
  
 In order to investigate the relation between the length of the polymer chain and their 
cryptochirality, a chain-tranfer agent was employed to control the molecular weight. For that 
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purpose 1-hexene was preferred over traditional chain-transfer agents such as H2 and diethyl 
zinc, which were found to be less suitable.35 For the enantiomers of precatalyst 17 it was 
established that by variation of the 1-hexene to styrene ratio the molecular weight of the 
oligostyrenes could be controlled down to ca. 750 g mol-1 (Table 3.2, Scheme 3.6). A similar 
set of oligomerisation experiments showed that (∆,S,S)-18 produces significantly higher 
molecular weight oligomers under similar conditions (entries 1 and 8), with a minimum 
molecular weight of 1290 g mol-1 at high 1-hexene to styrene ratios. The molecular weight 
depends on the monomer ratio, but the absolute concentration also is an important factor. 
   
Table 3.2. Oligo(1-hexene)-capped polystyrene prepared by optically active titanium dichloro 
complexes (+)-(∆,S,S)-17 and (+)-(∆,S,S)-18 activated by MAO. 
Run
[a] 
[Styrene] 
(mol L
-1
)
 
[1-Hexene] 
(mol L
-1
) 
1-Hexene 
: styrene 
ratio
 
Precat. 
Yield 
(mg) 
Mn
[b]
 Mw / Mn
[b] 
[α]D
23 [c] 
1 0.48 4.5 9.4 (+)-17 568 790 1.35 +4.4(1) 
2 0.64 4.5 7.0 (+)-17 377 1120 1.25 +5.6(1) 
3 1.6 4.5 2.8 (+)-17 468 1880 1.49 +3.5(2) 
4 1.6 3.4 2.1 (+)-17 168 2680 1.46 +2.7(1) 
5 1.6 2.3 1.4 (+)-17 235 3460 1.58 +2.2(1) 
6 1.6 1.4 0.9 (+)-17 617 4590 1.45 +1.5(1) 
7 3.2 3.2 1.0 (+)-17 680 5870 1.68 - 
8 0.45 4.5 10 (+)-18 242 1290 1.30 +7.2(2) 
9 0.45 2.4 5.3 (+)-18 264 3290 1.51 +3.4(1) 
10 0.90 2.4 2.7 (+)-18 519 4370 1.64 +1.9(1) 
11 0.90 1.8 2.0 (+)-18 221 7990 1.57 - 
12 0.90 0.80 0.9 (+)-18 263 19130 1.28 - 
[a] Reaction time for run 1-3 and 8-10: 6 h; reaction time for run 4-7 and 11-12: 2 h. [b] Determined by 
GPC using a polystyrene standard. [c] deg cm3 g-1 dm-1, c ≈ 0.10 g mL-1 (CH2Cl2). 
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Scheme 3.6 
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 The microstructure of the co-oligomers produced by chiral 17 and 18 was investigated by 
1H and 13C NMR spectroscopy. A sharp 13C resonance at 146.3 ppm at lower 1-hexene to 
styrene ratios indicated the presence of isotactic oligostyrenes. The oligo(1-hexene) fragments 
were found to be atactic. Endgroup analysis by 1H and 13C NMR spectroscopy revealed the 
presence of resonances for vinylene endgroups at 5.15 ppm and 131.9 ppm, respectively. 
 Because no vinylidene resonances were observed, β-H elimination follows exclusively 
after 2,1-insertion of 1-hexene. In oligomerisation experiments with 17 and 18 at monomer 
ratios sufficiently large to produce oligomers with molecular weight below 2000 g mol-1 an 
additional vinylene resonance was observed at 5.30 ppm in the 1H NMR spectrum. Homo-
oligomerisation experiments of 1-hexene with precatalysts 17 and 18 support the formation of 
atactic homo-oligo(1-hexene). In accordance with our recent investigations into structurally 
related bis(phenolato) titanium 1-hexene oligomerisation catalysts, a small amount of 
vinylidene terminated oligomers was also present (90 : 10 vinylene / vinylidene ratio by 1H 
NMR spectroscopy).36 Neither stereoselectivity nor optical activity were observed. 
 
 
Figure 3.8. MALDI-TOF spectrum of an oligo(1-hexene)-terminated iPS oligomer synthesised with 
(+)-(∆,S,S)-17. 
 
 MALDI-TOF mass spectroscopy of a typical oligomer sample (run 3) supports the GPC 
results with maximum intensity peaks at n ≈ 30 (Figure 3.8). For each oligostyrene chain, 
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peaks for one to five terminating 1-hexene units (m = 0-4) were observed with maximum 
intensity at m = 1-2. In addition, it was calculated from 1H NMR spectra of oligomers 
produced by 18 that on average ca. four 1-hexene units are present in the oligomer, which 
slowly increases at higher monomer ratios. In comparison, GPC results of 1-hexene homo-
oligomerisation experiments show a distribution from which dimers up to heptamers can be 
identified.  
 Isotactic oligostyrenes produced by enantiopure precatalysts (∆,S,S)-17 and (∆,S,S)-18 
show optical activity, with specific rotation values varying from +7.2(2) to +1.5(1) deg cm3  
g-1 dm-1. The exclusive production of oligomers with the same sign of rotation by  
(+)-(∆,S,S)-17 and (+)-(∆,S,S)-18 confirms that main-chain stereochemistry is governed by 
enantiomorphic site control. It was shown that use of the opposite enantiomer (Λ,R,R)-17 
leads to oligomers with negative optical rotation values, which is corroborated by CD 
spectroscopy of a pair of enantiomeric oligomers of Mn ≈ 1100 g mol
-1 (Table 3.2, run 2; 
Figure 3.9). Residual catalyst or ligand contributions to the optical activity of the oligomers 
can be excluded, due to their negligible concentration. 
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Figure 3.9. CD spectra of enantiomeric oligostyrenes (run 2) produced by (-)-(Λ,R,R)-17 ((-)-
oligomer) and (+)-(∆,R,R)-17 ((+)-oligomer). Conditions: c = 10-3 M (CH2Cl2, 25 °C). 
 
 Specific rotation values slowly decrease with increasing molecular weight and beyond  
Mn ≈ 5000 g mol
-1, which corresponds to an approximate degree of polymerisation of 45 for 
styrene (factoring in an average of three 1-hexene units), no optical rotation could be 
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measured. At this point the optical activity due to the presence of two different endgroups has 
been ‘diluted’ beyond measuring capability by the increased chain length of the oligomer and 
the accompanying reduction in solubility. Notably, for 17 at the low molecular weight end of 
the series the optical activity drops off. The effect occurs at high 1-hexene to styrene ratios 
due to the presence of an increasing amount of homo-oligo(1-hexene) which cannot be 
removed during workup. This reduces the effective concentration of the chiral oligostyrene, 
thus lowering specific rotation values. Furthermore we cannot exclude that lower 
stereoselectivity of insertion occurs at the early stages of chain growth. The interaction of the 
styrene chain with the ligand sphere is less effective for enantiofacial discrimination.37 
 
3.3 Conclusions 
 
 It was shown that the configurational stability of [OSSO]-type titanium complexes results 
from the diastereoselective transfer of chirality from the trans-1,2-cyclohexanediyl-linked 
bis(phenolate) ligand to the titanium centre. When activated, the helical chirality at the 
titanium alkyl cation is transferred from the catalyst to the incoming styrene monomer to give 
homochiral oligostyrene. The main-chain chirality of oligostyrene results in optical activity up 
to a degree of polymerisation of ca. 45. Beyond Mn ≈ 5000 optical activity cannot be reliably 
measured, rendering higher molecular weight polystyrenes cryptochiral. 
 
3.4 Experimental Section 
 
General considerations 
 
 For general remarks and details on analytical equipment, see Appendix A.1. 
Mercaptophenols were synthesised following literature procedure.38  
 
Syntheses 
 
 Synthesis of [2,4-tBu-6-(trans-2-HOC6H10S)C6H2OH] (3). Solid NaOH (1.67 g, 42.0 
mmol) was added to a solution of 4,6-di-tert-butyl-2-mercaptophenol (10.0 g, 42.0 mmol) in 
methanol (100 mL). The mixture was refluxed until all NaOH had dissolved, and then cooled 
to room temperature. Cyclohexene oxide (4.2 g, 42.8 mmol) was added dropwise, after which 
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mixture refluxed for 2 h. Methanol was evaporated, water (100 mL) was added, and the 
aqueous phase extracted with diethyl ether (3 × 100 mL). The organic layer was separated, 
dried over anhydrous Na2SO4, and evaporated to give an oil (13.1 g, 38.9 mmol, 93%).  
 1H NMR (CDCl3): δ = 1.09-1.18 (m, 2H, C6H10 CH), 1.22 (s, 9H, C(CH3)3), 1.23-1.34 (m, 
2H, C6H10 CH, partial overlap with 
tBu signal), 1.34 (s, 9H, C(CH3)3), 1.54-1.64 (m, 2H, 
C6H10 CH), 1.94-2.08 (m, 2H, C6H10 CH), 2.51 (m, 1H, CHS), 2.77 (br s, 1H, CHOH), 3.28 
(m, 1H, CHOH), 7.26 (s, 2H, C6H2 CH), 7.45 (s, 1H, OH);  
 13C{1H} NMR (CDCl3): δ = 24.21 (C6H10 CH2), 25.95 (C6H10 CH2), 29.43 (C(CH3)3), 
31.49 (C(CH3)3), 32.63 (C6H10 CH2), 34.15 (C(CH3)3), 34.79 (C6H10 CH2), 35.13 (C(CH3)3), 
56.67 (CHS), 72.36 (CHO), 115.86 (C6H2), 125.97 (C6H2 CH), 131.6 (C6H2 CH), 135.17 
(C6H2), 141.64 (C6H2), 154.00 (C6H2).  
 Anal. calcd (%) for C20H32O2S (336.54): C, 71.38; H, 9.58. Found: C, 71.12; H, 9.57. 
  
 Synthesis of [2-
t
Bu-6-(trans-2-HOC6H10S)-4-MeC6H2OH] (4). Compound 4 was 
prepared following the same procedure as reported for 3, using 2-tert-butyl-6-mercapto-4-
methylphenol (21.80 g, 111 mmol) and cyclohexene oxide (11.97 g, 122 mmol) to give a 
viscous oil, which slowly solidified (32.3 g, 110 mmol, 99%).  
 1H NMR: δ = 1.19-1.35 (m, 4H, C6H10 CH), 1.37 (s, 9H, C(CH3)3), 1.62-1.69 (m, 2H, 
C6H10 CH), 2.01-2.11 (m, 2H, C6H10 CH), 2.24 (s, 3H, CH3), 2.56 (m, 1H, CHS), 2.65 (br s, 
1H, CHOH), 3.33 (m, 1H, CHOH), 7.08 (d, 1H, 4JHH = 2.0 Hz, C6H2 CH), 7.13 (m, 1H,
 4
JHH = 
2.0 Hz, C6H2 CH), 7.43 (s, 1H, OH);  
 13C{1H} NMR: δ = 20.63 (CH3), 24.23 (C6H10 CH2), 26.03 (C6H10 CH2), 29.38 (C(CH3)3), 
32.56 (C6H10 CH2), 34.72 (C6H10 CH2), 34.88 (C(CH3)3), 56.98 (CHS), 72.20 (CHO), 116.06 
(C6H2), 128.41 (C6H2), 129.80 (C6H2 CH), 134.99 (C6H2 CH), 135.86 (C6H2), 154.23 (C6H2).  
 Anal. calcd (%) for C20H26O2S (294.45): C, 69.34; H, 8.90. Found: C, 69.03; H, 9.65; m.p. 
= 84-85 °C. 
 
 Synthesis of [2,4-
i
Pr-6-(trans-2-HOC6H10S)C6H2OH] (5). Compound 5 was prepared 
following the same procedure as reported for 3, using 4,6-di-iso-propyl-2-mercaptophenol 
(18.0 g, 85.6 mmol) and cyclohexene oxide (9.24 g, 94.1 mmol) to give an oil in 93.6% yield 
(24.75 g, 80.2 mmol).  
 1H NMR: δ = 1.10-1.40 (m, 4H, C6H10 CH, overlap with 
iPr signals), 1.21 (d, 6H, 3JHH = 
7.0 Hz, CH(CH3)2), 1.23 (d, 6H,
 3
JHH = 7.0 Hz, CH(CH3)2), 1.60-1.75 (m, 2H, C6H10 CH), 
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2.00-2.16 (m, 2H, C6H10 CH), 2.48-2.62 (m, 1H, CHS), 3.80 (hep, 1H, 
3
JHH = 7.0 Hz, 
CH(CH3)2), 3.21-3.38 (m, 2H, CHOH and CH(CH3)2), 3.43 (d, 1H, CHOH), 7.06 (d, 1H, 
4
JHH 
= 2.2 Hz, C6H2 CH), 7.13 (m, 1H,
 4
JHH = 2.2 Hz, C6H2 CH), 7.35 (br s, 1H, OH);  
 13C{1H} NMR: δ = 22.53 (CH(CH3)2), 22.56 (CH(CH3)2), 24.20 (CH(CH3)2), 24.24 
(CH(CH3)2), 24.30 (C6H10 CH2), 26.07 (C6H10 CH2), 27.68 (C6H10 CH2), 32.98 (CH(CH3)2), 
33.37 (CH(CH3)2), 34.95 (C6H10 CH2), 56.75 (CHS), 72.38 (CHO), 115.21 (C6H2), 126.41 
(C6H2 CH), 131.96 (C6H2 CH), 134.45 (C6H2), 140.04 (C6H2), 153.22 (C6H2). 
 
 Synthesis of [2-(trans-2-HOC6H10S)-4-MeC6H2OH] (6). Compound 6 was prepared 
following the same procedure as reported for 3, using 2-mercapto-4-methylphenol (8.00 g, 
56.7 mmol) and cyclohexene oxide (6.21 g, 63.3 mmol) to give a crude viscous oil (15.1 g) 
that was used directly in the next step.  
 1H NMR: δ = 1.15-1.22 (m, 1H, C6H10 CH), 1.24-1.36 (m, 3H, C6H10 CH), 1.60-1.71 (m, 
2H, C6H10 CH), 2.02-2.13 (m, 2H, C6H10 CH), 2.25 (s, 3H, CH3), 2.52 (m, 1H, CHS), 3.30 (m, 
1H, CHOH), 6.87 (d, 2H, 3JHH = 8.3 Hz, C6H2 CH), 7.07 (dd, 2H, 
3
JHH = 8.3 Hz, 
4
JHH = 2.5 
Hz, C6H2 CH), 7.24 (m, 2H, 
4
JHH = 2.5 Hz, C6H2 CH);  
 13C{1H} NMR: δ = 20.24 (CH3), 24.27 (C6H10 CH2), 26.04 (C6H10 CH2), 32.97 (C6H10 
CH2), 34.97 (C6H10 CH2), 56.56 (CHS), 72.30 (CHO), 115.06 (C6H2 CH), 115.08 (C6H2), 
129.51 (C6H2 CH), 132.19 (C6H2 CH), 137.79 (C6H2 CH), 155.94 (C6H2). 
 
 Synthesis of [2,4-
t
Bu-6-(trans-2-ClC6H10S)C6H2OH] (7). Thionyl chloride (4.6 g, 38.7 
mmol) was added dropwise to a stirred solution of 3 (13.0 g, 38.6 mmol) in CH2Cl2 (120 mL) 
and the mixture was refluxed for 2 h. After cooling the solution, water was added and the 
organic phase was washed with NaHCO3 solution and water. After drying over anhydrous 
Na2SO4, the product was isolated as an oil (11.8 g, 33.2 mmol, 90%).  
 1H NMR: δ = 1.29-1.34 (m, 2H, C6H10 CH, overlap with 
tBu signals), 1.31 (s, 9H, 
C(CH3)3), 1.36-1.49 (m, 1H, C6H10 CH, overlap with 
tBu signals), 1.34 (s, 9H, C(CH3)3), 1.71 
(m, 3H, C6H10 CH), 2.16 (m, 1H, C6H10 CH), 2.33 (m, 1H, C6H10 CH), 2.87 (m, 1H, CHS), 
3.83 (m, 1H, CHCl), 7.26 (s, 1H, OH), 7.35 (s, 1H, C6H2 CH), 7.38 (s, 1H, C6H2 CH); 
 13C{1H} NMR: δ = 24.20 (C6H10 CH2), 24.47 (C6H10 CH2), 29.40 (C(CH3)3), 31.48 
(C(CH3)3), 32.08 (C(CH3)3), 34.11 (C6H10 CH2), 35.09 (C6H10 CH2), 35.52 (C(CH3)3), 55.25 
(CHS), 62.47 (CHCl), 116.08 (C6H2), 126.05 (C6H2 CH), 131.31 (C6H2 CH), 135.04 (C6H2), 
141.63 (C6H2), 153.64 (C6H2). 
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 Anal. calcd (%) for C20H31ClOS (354.98): C, 67.67; H, 8.80. Found: C, 67.57; H, 8.78. 
 
 Synthesis of [2-
t
Bu-6-(trans-2-ClC6H10S)-4-MeC6H2OH] (8). Thionyl chloride (16.4 g, 
10.0 mL, 138 mmol) was slowly added to a stirred solution of 4 (32.3 g, 110 mmol) in CH2Cl2 
(270 mL) at -30 °C. The reaction micture was allowed to warm up to room temperature and 
then refluxed for 10 h. After removal of the volatiles, the resulting oil was taken up in diethyl 
ether (300 mL) and water (120 mL) and stirred for 10 min. The organic layer was separated, 
sequentially washed with NaHCO3 (2 × 150 mL) and water (150 mL), dried over anhydrous 
Na2SO4, and evaporated to give 8 as a red oil (33.6 g, 107 mmol, 98%). 
 1H NMR: δ = 1.32 (m, 2H, C6H10 CH), 1.40 (s, 9H, C(CH3)3), 1.43-1.53 (m, 1H, C6H10 
CH), 1.72 (m, 3H, C6H10 CH), 2.15 (m, 1H, C6H10 CH), 2.26 (s, 3H, CH3), 2.35 (m, 1H, C6H10 
CH), 2.89 (m, 1H, CHS), 3.84 (m, 1H, CHCl), 7.08 (d, 1H, 4JHH = 1.8 Hz, C6H2 CH), 7.15 (d, 
1H, 4JHH = 1.8 Hz, C6H2 CH), 7.20 (s, 1H, OH); 
 13C{1H} NMR: δ = 20.64 (CH3), 24.30 (C6H10 CH2), 24.55 (C6H10 CH2), 29.36 (C(CH3)3), 
32.12 (C6H10 CH2), 34.90 (C(CH3)3), 35.62 (C6H10 CH2), 55.50 (CHS), 62.68 (CHCl), 116.55 
(C6H2), 128.42 (C6H2), 129.94 (C6H2 CH), 134.72 (C6H2 CH), 135.77 (C6H2), 153.91 (C6H2).  
 MS (EI) m/z (%): 312 (53) [M+], 297 (23) [M+-CH3], 276 (13) [M
+-Cl], 196 (61) [(1-tBu-
4-Me-6-S-C6H2OH)
+], 181 (100) [(1-tBu-4-Me-6-S-C6H2OH)
+-CH3], 81 (42) [C6H9
+]. 
 
 Synthesis of [2,4-
i
Pr-6-(trans-2-ClC6H10S)C6H2OH] (9). Thionyl chloride (9.58 g, 5.84 
mL, 80.5 mmol) was added dropwise to a stirred solution of 5 (24.75 g, 80.2 mmol) in CH2Cl2 
(100 mL) and the mixture was refluxed for 3 h. After cooling the solution, the organic phase 
was washed with NaHCO3 solution and water. After drying over anhydrous Na2SO4, the 
product was isolated as an viscous oil (18.84 g, 57.6 mmol, 72%).  
 1H NMR: δ = 1.22 (d, 6H, 3JHH = 6.8 Hz, CH(CH3)2, overlap with 
iPr signal), 1.24 (d, 6H, 
3
JHH = 6.8 Hz, CH(CH3)2, overlap with 
iPr signal), 1.28-1.37 (m, 2H, C6H10 CH), 1.60-1.83 
(m, 4H, C6H10 CH), 2.05-2.24 (m, 1H, C6H10 CH), 2.28-2.43 (m, 1H, C6H10 CH), 2.71-2.94 
(m, 2H, CHS and CH(CH3)2), 3.28 (hep, 1H, 
3
JHH = 6.8 Hz, CH(CH3)2), 3.83 (m, 1H, CHCl), 
7.26 (s, 1H, OH), 7.35 (s, 1H, C6H2 CH), 7.38 (s, 1H, C6H2 CH); 
 13C{1H} NMR: δ = 22.50 (CH(CH3)2), 22.53 (CH(CH3)2), 24.23 (CH(CH3)2), 24.41 
(C6H10 CH2), 24.66 (C6H10 CH2), 27.99 (C6H10 CH2), 32.37 (CH(CH3)2), 33.41 (C6H10 CH2), 
35.74 (CH(CH3)2), 55.48 (CHS), 62.81 (CHCl), 115.32 (C6H2), 126.71 (C6H2 CH), 131.69 
(C6H2 CH), 134.29 (C6H2), 140.21 (C6H2), 152.89 (C6H2). 
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 Synthesis of [2-(trans-2-ClC6H10S)-4-MeC6H2OH] (10). Thionyl chloride (4.63 mL, 
63.8 mmol) was slowly added to a stirred solution of crude 6 (15.1 g) in CH2Cl2 (100 mL). 
The reaction micture was refluxed for 5 h, after which the organic phase was washed with 
NaHCO3 solution and water. After drying over anhydrous Na2SO4, 10 was isolated as a 
viscous oil (14.65 g, 57.0 mmol). 
 1H NMR: δ = 1.29 (m, 1H, C6H10 CH), 1.45 (m, 1H, C6H10 CH), 1.62-1.78 (m, 3H, C6H10 
CH), 2.08-2.18 (m, 1H, C6H10 CH), 2.26 (s, 3H, CH3), 2.33 (m, 2H, C6H10 CH), 2.89 (m, 1H, 
CHS), 3.81 (m, 1H, CHCl), 6.76 (br s, 1H, OH), 6.90 (d, 1H, 3JHH = 8.3 Hz, C6H2 CH), 7.09 
(dd, 1H, 3JHH = 8.3 Hz, 
4
JHH = 2.1 Hz, C6H2 CH), 7.27 (d, 1H, 
4
JHH = 2.1 Hz, C6H2 CH); 
 13C{1H} NMR: δ = 20.19 (CH3), 24.31 (C6H10 CH2), 24.54 (C6H10 CH2), 32.24 (C6H10 
CH2), 35.70 (C6H10 CH2), 55.38 (CHS), 62.65 (CHCl), 114.59 (C6H2 CH), 115.61 (C6H2), 
129.57 (C6H2), 132.33 (C6H2 CH), 137.21 (C6H2 CH), 155.43 (C6H2). 
 
 Synthesis of [2,2’-(HOC6H2-4,6-
t
Bu2)2-trans-1,2-SC6H10S] (11). Solid NaOH (1.69 g, 
42.3 mmol) was added to a solution of 4,6-di-tert-butyl-2-mercaptophenol (10.0 g, 42.3 
mmol) in methanol (100 mL), refluxed until all NaOH had dissolved, and then cooled to room 
temperature. A solution of 7 (15.0 g, 42.3 mmol) in methanol (100 mL) was added dropwise 
and the mixture was refluxed for 2 h. Methanol was evaporated, water was added, and the 
mixture was extracted with diethyl ether (3 × 100 mL). The organic layer was separated, dried 
over anhydrous Na2SO4, and evaporated to give a colourless powder (17.7 g, 31.7 mmol, 
75%). 
 1H NMR: δ = 1.23 (m, 2H, C6H10 CH), 1.32 (s, 18H, C(CH3)3), 1.38-1.49 (m, 2H, C6H10 
CH, overlap with tBu signal), 1.45 (s, 18H, C(CH3)3), 1.68 (m, 2H, C6H10 CH), 2.06 (m, 2H, 
C6H10 CH), 2.81 (m, 2H CHS), 7.36 (d, 2H, 
4
JHH = 2.3 Hz, C6H2 CH), 7.40 (d, 2H, 
4
JHH = 2.3 
Hz, C6H2 CH), 7.45 (s, 1H, OH); 
 13C{1H} NMR: δ = 25.47 (C6H10 CH2), 29.66 (C(CH3)3), 31.72 (C(CH3)3), 33.49 
(C(CH3)3), 34.07 (C(CH3)3), 35.37 (C6H10 CH2), 52.73 (CHS), 116.10 (C6H2), 126.14 (C6H2 
CH), 131.64 (C6H2 CH), 135.15 (C6H2), 141.74 (C6H2), 153.93 (C6H2). 
 Anal. calcd (%) for C34H52O2S2 (556.91): C, 73.33; H, 9.41; S, 11.52. Found: C, 72.69; H, 
9.19; S, 11.44. 
 
 Synthesis of [2,2’-(HOC6H2-6-
t
Bu-4-Me)2-trans-1,2-SC6H10S] (12). In an analogous 
procedure as reported for compound 11, 2-tert-butyl-6-mercapto-4-methylphenol (21.1 g, 107 
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mmol) and solid NaOH (4.32 g, 108 mmol) were reacted with 8 (33.6 g, 107 mmol) in 
methanol (360 mL) for 4 h to give 12 as a colourless powder (47.1 g, 99.6 mmol, 93 %). 
 1H NMR: δ = 1.23 (m, 2H, C6H10 CH), 1.40-1.52 (m, 2H, C6H10 CH, overlap with 
tBu 
signal), 1.46 (s, 18H, C(CH3)3), 1.68 (m, 2H, C6H10 CH), 2.08 (m, 2H, C6H10 CH), 2.29 (s, 
6H, CH3), 2.79 (m, 2H, CHS), 7.14 (d, 2H, 
4
JHH = 2.1 Hz, C6H2 CH), 7.22 (m, 2H, 
4
JHH = 2.1 
Hz, C6H2 CH), 7.46 (s, 2H, OH); 
 13C{1H} NMR: δ = 20.63 (CH3), 25.32 (C6H10 CH2), 29.42 (C(CH3)3), 33.35 (C6H10 CH2), 
34.88 (C(CH3)3), 52.79 (CHS), 116.43 (C6H2), 128.32 (C6H2), 129.73 (C6H2 CH), 134.73 
(C6H2 CH), 135.68 (C6H2), 154.11 (C6H2). 
 Anal. calcd (%) for C28H40O2S2 (472.74): C, 71.14; H, 8.53; S, 13.57. Found: C, 71.12; H, 
8.42; S, 13.56; m.p. = 118.5-120.5 °C. 
 
 Synthesis of [2,2’-(HOC6H2-4,6-
i
Pr2)2-trans-1,2-SC6H10S] (13). Solid NaOH (2.30 g, 
57.5 mmol) was dissolved in a solution of 4,6-di-tert-butyl-2-mercaptophenol (12.1 g, 57.5 
mmol) in methanol (50 mL). A solution of 9 (18.84 g, 57.6 mmol) in methanol (50 mL) was 
added dropwise and the mixture was refluxed for 5 h. Methanol was evaporated, water was 
added, and the mixture was extracted with CH2Cl2. The organic layer was separated, dried 
over anhydrous Na2SO4, and evaporated to give 13 as a viscous oil (24.33 g, 48.6 mmol, 
84%). 
 1H NMR: δ = 1.08-1.28 (m, 2H, C6H10 CH, overlap with 
iPr signals), 1.16-1.30 (m, 24H, 
CH(CH3)2), 1.32-1.53 (m, 2H, C6H10 CH), 1.65 (m, 2H, C6H10 CH), 2.03 (m, 2H, C6H10 CH), 
2.75 (m, 2H, CHS, partial overlap with iPr signal), 2.81 (septet, 2H, CH(CH3)2), 3.31 (hep, 
2H, CH(CH3)2), 7.07 (d, 2H, 
4
JHH = 2.2 Hz, C6H2 CH), 7.18 (d, 2H, 
4
JHH = 2.2 Hz, C6H2 CH), 
7.23 (s, 2H, OH); 
 13C{1H} NMR: δ = 22.57 (CH(CH3)2), 24.25 (CH(CH3)2), 25.53 (C6H10 CH2), 27.96 
(CH(CH3)2), 33.41 (CH(CH3)2), 33.86 (C6H10 CH2), 52.56 (CHS), 115.07 (C6H2), 126.57 
(C6H2 CH), 131.94 (C6H2 CH), 134.38 (C6H2), 140.15 (C6H2), 153.15 (C6H2). 
 Anal. calcd (%) for C30H44O2S2 (500.81): C, 71.95; H, 8.86. Found: C, 72.69; H, 9.19. 
 
 Synthesis of [2,2’-(HOC6H3-4-Me)2-trans-1,2-SC6H10S] (14). In an analogous procedure 
as reported for compound 11, 2-mercapto-4-methylphenol (8.0 g, 56.7 mmol) and solid NaOH 
(2.30 g, 57.5 mmol) were reacted with 10 (14.65 g, 57.0 mmol) in methanol (100 mL) for 5 h 
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to give crude 14 as a viscous oil (18.74 g). After column chromatograhy, 12.0 g (33.3 mmol, 
59%) of a colourless solid was obtained. 
 1H NMR: δ = 1.16 (m, 2H, C6H10 CH), 1.39 (m, 2H, C6H10 CH), 1.63 (m, 2H, C6H10 CH), 
2.00 (m, 2H, C6H10 CH), 2.25 (s, 6H, CH3), 2.73 (m, 2H CHS), 6.90 (d, 2H, 
3
JHH = 8.3 Hz, 
C6H2 CH), 7.05 (s, 2H, OH), 7.09 (dd, 2H, 
3
JHH = 8.3 Hz, 
4
JHH = 2.3 Hz, C6H2 CH), 7.24 (m, 
2H, 4JHH = 2.3 Hz, C6H2 CH); 
 13C{1H} NMR: δ = 20.34 (CH3), 25.46 (C6H10 CH2), 33.76 (C6H10 CH2) 52.31 (CHS), 
114.89 (C6H2 CH), 115.39 (C6H2), 129.78 (C6H2), 132.39 (C6H2 CH), 137.56 (C6H2 CH), 
155.74 (C6H2). 
 Anal. calcd (%) for C20H24O2S2 (360.54): C, 66.63; H, 6.71. Found: C, 66.80; H, 7.01; 
m.p. 103-104 °C. 
 
 Synthesis of [2,2’-{((1S)-C10H15SO2)OC6H2-4,6-
t
Bu2}2-trans-1,2-SC6H10S] (15). n-
Butyllithium in hexane (2.5 M, 15 mL, 2.40 g, 37.5 mmol) was added to a solution of 11 (9.5 
g, 17 mmol) in diethyl ether (100 mL) at -20 °C. The mixture was allowed to warm up to 
room temperature, (1S)-camphor-10-sulfonylchloride (9.83 g, 40 mmol) in diethyl ether (150 
mL) was added, and the reaction mixture was refluxed for 12 h. Subsequently, an NH4Cl 
solution (100 mL) was added and the organic layer was extracted, washed with water, and 
dried over anhydrous Na2SO4 to obtain 16.0 g of crude product. Purification by column 
chromatography using 5% ethyl acetate/hexane mixture as eluent (Rf = 0.2 in 10% ethyl 
acetate/hexane mixture) gave 12.8 g of 15 (13.0 mmol, 76%). 
 
 Isolation of [2,2’-{((1S)-C10H15SO2)OC6H2-4,6-
t
Bu2}2-(1R,2R)-SC6H10S] ((R,R,S,S)-
15). Crystallisation of the 15 from 75 mL of acetone afforded diastereomer (R,R,S,S)-15 in 
70% yield (4.5 g, 4.6 mmol). X-ray quality crystals were grown by recrystallisation from 
acetone. Alternatively, (R,R,S,S)-15 was obtained by preparative HPLC of 15 on a Kromasil 
Si 100 column using cyclohexane : ethyl acetate (98 : 2). 
 1H NMR: δ = 0.98 (s, 6H, CH3), 1.20 (s, 6H, CH3), 1.24 (s, 18H, C(CH3)3), 1.39-1.46 (m, 
6H, CH2), 1.46 (s, 18H, C(CH3)3), 1.67-1.79 (m, 4H, CH2), 1.92-2.13 (m, 8H, CH and CH2), 
2.38-2.47 (m, 2H, CH2), 2.53-2.64 (m, 2H, CH2), 3.23 (br s, 2H, CHS), 4.14 (d, 2H, 
2
JHH = 
14.8 Hz, SO2CH), 4.51 (d, 2H, 
2
JHH = 14.8 Hz, SO2CH), 7.36 (d, 2H, 
4
JHH = 2.2 Hz, C6H2 
CH), 7.37 (d, 2H, 4JHH = 2.2 Hz, C6H2 CH); 
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 13C{1H} NMR: δ = 19.86 (CH3), 20.22 (CH3), 23.40 (C6H10 CH2), 25.29 (CH2), 26.96 
(CH2), 29.98 (2 C6H10 CH), 31.27 (C(CH3)3), 31.40 (C(CH3)3), 34.66 (C(CH3)3), 35.89 
(C(CH3)3), 42.48 (CH2), 42.95 (CH), 47.90 (Cq(CH3)2), 50.32 (CH2S), 51.50 (CHS), 58.67 
(Cq(C=O)), 125.88 (C6H2 CH), 128.85 (C6H2), 131.09 (C6H2 CH), 144.02 (C6H2), 146.86 
(C6H2), 149.09 (C6H2), 214.11 (C=O). 
 Anal. calcd (%) for C54H80O8S4 (985.46): C, 65.82; H, 8.18. Found: C, 65.53; H, 8.19; 
m.p. = 142 °C; 23][ Dα  = -42.3 (c = 30 mg mL
-1, CH2Cl2). 
 
 Isolation of [2,2’-{((1S)-C10H15SO2)OC6H2-4,6-
t
Bu2}2-(1S,2S)-SC6H10S] ((S,S,S,S)-15). 
The mother liquor of (R,R,S,S)-15 gave 6.0 g of compound (S,S,S,S)-15 (95% d.e.) upon 
standing for 24 h. Recrystallisation from acetone gave the pure product in 75% yield (4.8 g, 
4.9 mmol). Alternatively, (S,S,S,S)-15 was obtained by preparative HPLC of 15. 
 1H NMR: δ = 0.98 (s, 6H, CH3), 1.21 (s, 6H, CH3), 1.25 (s, 18H, C(CH3)3), 1.37-1.47 (m, 
6H, CH2), 1.46 (s, 18H, C(CH3)3), 1.60-1.76 (m, 4H, CH2), 1.93-2.10 (m, 9H, CH and CH2), 
2.38-2.64 (m, 3H, CH2), 3.28 (br s, 2H, CHS), 4.12 (d, 
2
JHH = 14.8 Hz, SO2CH), 4.52 (d, 
2
JHH 
= 14.8 Hz, SO2CH), 7.33 (d, 2H, 
4
JHH = 2.2 Hz, C6H2 CH), 7.38 (d, 2H, 
4
JHH = 2.2 Hz, C6H2 
CH); 
 13C{1H} NMR: δ = 19.92 (CH3), 20.24 (CH3), 23.42 (C6H10 CH2), 25.34 (CH2), 26.99 
(CH2), 29.98 (CH2 C6H10), 31.29 (C(CH3)3), 31.39 (C(CH3)3), 34.70 (C(CH3)3), 35.89 
(Cq(CH3)3), 42.54 (CH2), 42.89 (CH), 47.98 (C(CH3)2), 50.18 (CH2S), 51.52 (CHS), 58.68 
(Cq(C=O)), 125.69 (C6H2 CH), 129.21 (C6H2), 130.55 (C6H2 CH), 144.07 (C6H2), 146.94 
(C6H2), 149.14 (C6H2), 214.28 (C=O). 
  Anal. calcd (%) for C54H80O8S4 (985.46): C, 65.82; H, 8.18. Found: C, 66.24; H, 8.29; 
m.p. = 208 °C; 23][ Dα  = +24.2 (c = 30 mg mL
-1, CH2Cl2). 
 
 Synthesis of [2,2’-{((1S)-C10H15SO2)OC6H2-6-
t
Bu-4-Me}2-trans-1,2-SC6H10S] (16). 
Compound 16 was prepared following the same procedure as reported for 15, reacting 2.5 M 
n-butyllithium in hexane (37 mL, 5.93 g, 92.5 mmol) and 12 (20.0 g, 42,3 mmol) with (1S)-
camphor-10-sulfonyl chloride (24.3 g, 96.9 mmol) in THF (350 mL) to obtain 38.4 g of crude 
product. Column chromatography using 5% ethyl acetate/hexane (Rf = 0.25 in 10 % ethyl 
acetate/hexane) mixture gave 31.8 g of 16 (35.3 mmol, 83%) as a colourless powder. 
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 Isolation of [2,2’-{((1S)-C10H15SO2)OC6H2-6-
t
Bu-4-Me}2-(1R,2R)-SC6H10S] 
((R,R,S,S)-16). Fractional crystallisation of 16 from 300 mL of cyclohexane afforded 
(R,R,S,S)-16 in 74% yield (11.8 g, 13.1 mmol). 
 1H NMR: δ = 0.97 (s, 6H, CH3), 1.19 (s, 6H, CH3), 1.44 (s, 18H, C(CH3)3), 1.43-1.46 (m, 
4H, CH, overlap with tBu signal), 1.63 (m, 4H, CH), 1.71 (ddd, JHH = 14.1 Hz, JHH = 9.4 Hz, 
JHH = 4.6 Hz, 2H, CH), 1.95 (d, 2H, JHH = 18.3 Hz, CH), 2.07 (m, 2H, CH, overlapping), 2.11 
(t, 2H, JHH = 4.6 Hz, CH, overlapping), 2.14 (m, 2H, CH, overlapping), 2.21 (s, 6H, CH3), 
2.42 (dt, 2H, JHH = 18.3 Hz, JHH = 4.0 Hz, 2H, CH), 2.57 (m, 2H, CH), 3.18 (br s, 2H, CHS), 
4.16 (d, 2H, 2JHH = 15.0 Hz, SO2CH), 4.45 (d, 2H, 
2
JHH = 15.0 Hz, SO2CH), 7.04 (d, 2H,
 4
JHH 
= 2.0 Hz, C6H2 CH), 7.14 (d, 2H,
 4
JHH = 2.0 Hz, C6H2 CH); 
 13C{H} NMR: δ = 19.83 (C(CH3)2), 20.24 (C(CH3)2) 20.94 (CH3), 23.02 (C6H10 CH2), 
25.23 (CH2), 26.91 (CH2), 26.95 (CH2), 29.27 (CH2 C6H10), 31.39 (C(CH3)3), 35.60 
(C(CH3)3), 42.49 (CH2(C=O)), 42.94 (CH), 47.87 (C(CH3)2), 50.22 (CH2S), 51.51 (CHS), 
58.66 (CH2Cq), 129.47 (C6H2 CH), 129.91 (C6H2), 133.65 (C6H2 CH), 136.26 (C6H2), 144.60 
(C6H2), 146.64 (C6H2), 214.17 (C=O). 
 Anal. calcd (%) for C48H68O8S4·C6H12 (901.30): C, 65.82; H, 8.18. Found: C, 65.99; H, 
8.42; m.p. = 187-188.5 °C; 23][ Dα  = -48.6 (c = 10 mg mL
-1, CH2Cl2). 
 
 Isolation of [2,2’-{((1S)-C10H15SO2)OC6H2-6-
t
Bu-4-Me}2-(1S,2S)-SC6H10S] ((S,S,S,S)-
16). From the mother liquor of (R,R,S,S)-16, after four recrystallisations from cyclohexane, 
(S,S,S,S)-16 could be isolated in 30% yield (4.8 g, 5.3 mmol) in 71% d.e. Suitable single 
crystals were obtained for X-ray analysis. 
 1H NMR: δ = 0.98 (s, 6H, CH3), 1.20 (s, 6H, CH3), 1.44 (s, 18H, C(CH3)3), 1.41-1.46 (m, 
4H, CH, overlap with tBu signals), 1.54-1.67 (m, 4H, CH), 1.70 (ddd, JHH = 18.9 Hz, JHH = 
9.6 Hz, JHH = 5.3 Hz 2H, CH), 1.96 (d, 2H, JHH = 18.3 Hz, CH), 2.03-2.14 (m, 6H, CH), 2.24 
(s, 6H, CH3), 2.42 (dt, 2H, JHH = 18.5 Hz, JHH = 3.9 Hz, 2H, CH), 2.58 (m, 2H, CH), 3.22 (br 
s, 2H, CHS), 4.14 (d, 2H, 2JHH= 14.8 Hz, SO2CH), 4.52 (d, 2H, 
2
JHH = 14.9 Hz, SO2CH), 7.05 
(d, 4JHH = 1.8 Hz, arom. CH), 7.16 (d, 
4
JHH = 1.8 Hz, C6H2 CH); 
 13C{H} NMR: δ = 19.88 (C(CH3)2), 20.28 (C(CH3)2), 20.97 (CH3), 23.21 (C6H10 CH2), 
25.32 (CH2), 26.92 (CH2), 26.97 (CH2), 29.73 (CH2 C6H10), 31.38 (C(CH3)3), 31.39 
(C(CH3)3), 34.70 (C(CH3)3), 35.60 (C(CH3)3), 42.53 (CH2(C=O)), 42.93 (CH), 47.94 
(C(CH3)2), 50.24 (CH2S), 51.67 (CHS), 58.69 (CH2Cq), 125.69 (C6H2 CH), 129.21 (C6H2), 
130.55 (C6H2 CH), 144.07 (C6H2), 146.94 (C6H2), 149.14 (C6H2), 214.28 (C=O). 
Optically Active Oligostyrenes from Enantiomerically Pure [OSSO]-Type Titanium Complexes  
 55 
 Anal. calcd (%) for C48H68O8S4 (901.30): C, 63.97; H, 7.60. Found: C, 63.99; H, 8.07. 
 
 Synthesis of [2,2’-(HOC6H2-4,6-
t
Bu2)2-(1R,2R)-SC6H10S] ((R,R)-11). Refluxing 
(R,R,S,S)-15 (2.50 g, 2.54 mmol) in THF : MeOH 1 : 1 (30 mL) with 1.5 M aqueous NaOH 
solution (30 mL) for 8 h, followed by extraction with diethyl ether and drying over Na2SO4 
afforded (R,R)-11 in 90% yield (1.27 g, 2.29 mmol).  
 Anal. calcd (%) for C34H52O2S2 (556.91): C, 73.33; H, 9.41. Found: C, 73.99; H, 9.19; 
m.p. = 113-115 °C; 23][ Dα  = -72.4 (c = 30 mg mL
-1, CH2Cl2). 
 
 Synthesis of [2,2’-(HOC6H2-4,6-
t
Bu2)2-(1S,2S)-SC6H10S] ((S,S)-11). Following the same 
procedure as reported for the preparation (R,R)-11, compound (S,S)-11 was obtained from 
(S,S,S,S)-15 in 93% yield (1.68 g, 3.02 mmol). Crystals suitable for X-ray analysis were 
obtained by slow evaporation of an acetone solution at ambient temperature. 
 Anal. calcd (%) for C34H52O2S2 (556.91): C, 73.33; H, 9.41. Found: C, 72.96; H, 9.79; 
m.p. = 113-115 °C; 23][ Dα  = +71.0 (c = 30 mg mL
-1, CH2Cl2). 
 
 Synthesis of [2,2’-(HOC6H2-6-
t
Bu-4-Me)2-(1R,2R)-SC6H10S] ((R,R)-12). Following the 
same procedure reported as for the preparation of (R,R)-11 afforded compound (R,R)-12 from 
(R,R,S,S)-16 in 79% yield (5.3 g, 11.2 mmol). Alternatively, (R,R)-12 was obtained by 
preparative chiral HPLC of racemic 12, using n-hexane : isopropanol 2 L : 1 mL on a 
ChiralPack AD 50 mm column, in two passes.  
 Anal. calcd (%) for C28H40O2S2 (472.74): C, 71.14; H, 8.53; S, 13.57. Found: C, 71.24; H, 
8.57; S, 13.46; m.p. = 114-115 °C; 23][ Dα  = -105 (c = 3.1 mg mL
-1, CH2Cl2). 
 
 Synthesis of [2,2’-(HOC6H2-6-
t
Bu-4-Me)2-(1S,2S)-SC6H10S] ((S,S)-12). Enantiopure 
(S,S)-12 was obtained by preparative chiral HPLC. 
 M.p. = 114.5-115.5 °C; 23][ Dα  = +103 (c = 4.1 mg mL
-1, CH2Cl2). 
 
 Synthesis of rac-[Ti{2,2’-(OC6H2-4,6-
t
Bu2)2-trans-1,2-SC6H10S}Cl2] (17). Neat titanium 
tetrachloride (47 µL, 0.08 g, 0.43 mmol) was added dropwise to a solution of 11 (0.24 g, 0.43 
mmol) in pentane (30 mL) at -10 °C. The mixture was allowed to warm up to room 
temperature and stirred for 2 h. A red powder precipitated that was washed with pentane (2 × 
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15 mL) and dried in vacuo to give 17 (0.25 g, 0.37 mmol, 86%). Crystals suitable for X-ray 
analysis were obtained as toluene solvate by slow evaporation of a toluene solution at room 
temperature. 
 1H NMR (C6D6): δ = 0.36 (m, 2H, C6H10 CH), 1.13 (m, 2H, C6H10 CH, overlap with 
tBu 
signal), 1.18 (s, 18H, C(CH3)3), 1.32 (m, 2H, C6H10 CH), 1.59 (s, 18H, C(CH3)3), 1.78 (m, 2H, 
CH C6H10), 2.49 (m, 2H, CHS), 7.10 (d, 2H, 
4
JHH = 2.2 Hz, C6H2 CH), 7.47 (d, 2H, 
4
JHH = 2.2 
Hz, C6H2 CH); 
 13C{1H} NMR (C6D6): δ = 25.10 (C6H10 CH2), 29.82 (C(CH3)3), 31.59 (C(CH3)3), 32.41 
(C6H10 CH2), 34.61 (C(CH3)3), 35.87 (C(CH3)3), 55.59 (CHS), 117.42 (C6H2), 127.33 (C6H2 
CH), 129.70 (C6H2 CH), 137.18 (C6H2), 144.03 (C6H2), 167.64 (C6H2). 
 Anal. calcd (%) for C34H50Cl2O2S2Ti (673.66): C, 60.62; H, 7.48. Found: C, 60.63; H, 
7.86; UV/Vis (CH2Cl2): λmax = 400 nm. 
 
 Synthesis of Λ-[Ti{2,2’-(OC6H2-4,6-
t
Bu2)2-(1R,2R)-SC6H10S}Cl2] ((Λ,R,R)-17). 
Following the same procedure as reported for the preparation of 17, starting from (R,R)-11 
(0.25 g, 0.45 mmol) and titanium tetrachloride (50 µL, 0.085 g, 0.45 mmol), (Λ,R,R)-17 was 
obtained in 87% yield (0.27 g, 0.39 mmol). Crystals suitable for X-ray analysis were obtained 
by slow evaporation of a toluene solution at room temperature. 
 Anal. calcd. (%) for C34H50Cl2O2S2Ti (673.66): C, 60.62; H, 7.48. Found: C, 61.56; H, 
7.89; 23][ Dα  = -252 (c = 2 mg mL
-1, CH2Cl2). 
 
 Synthesis of ∆-[Ti{2,2’-(OC6H2-4,6-
t
Bu2)2-(1S,2S)-SC6H10S}Cl2] ((∆,S,S)-17). 
Following the same procedure as reported for the preparation of 17, starting from (S,S)-11 
(0.25 g, 0.45 mmol) and titanium tetrachloride (50 µL, 0.085 g, 0.45 mmol), (∆,S,S)-17 was 
obtained in 82% yield (0.25 g, 0.37 mmol). Crystals suitable for X-ray analysis were obtained 
from dichloromethane solution at room temperature. 
 Anal. calcd (%) for C34H50Cl2O2S2Ti · 0.5 C7H8 (719.73): C, 62.58; H, 7.56. Found: C, 
62.04; H, 7.22; 23][ Dα  = +251 (c = 2 mg mL
-1, CH2Cl2). 
 
 Synthesis of rac-[Ti{2,2’-(OC6H2-6-
t
Bu-4-Me)2-trans-1,2-SC6H10S}Cl2] (18). Neat 
titanium tetrachloride (200 µL, 0.34 g, 1.81 mmol) was added dropwise to a solution of 12 
(0.86 g, 1.81 mmol) in pentane (80 mL) at room temperature and stirred for 2 h. A red 
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powder, which precipitated immediately, was washed with pentane (2 × 20 mL) and dried in 
vacuo to give 18 (1.00 g, 1.70 mmol, 94%). 
 1H NMR: δ = 1.06 (m, 2H, C6H10 CH), 1.49 (s, 18 H, C(CH3)3), 1.59 (m, 2H, C6H10 CH), 
1.70 (m, 2H, C6H10 CH), 2.22 (m, 2H, C6H10 CH), 2.30 (s, 6H, CH3), 2.61 (m, 2H, CHS), 6.98 
(d, 2H, 4JHH = 2.0 Hz, C6H2 CH), 7.19 (d, 2H, 
4
JHH = 2.0 Hz, C6H2 CH); 
 13C{1H} NMR: δ = 20.99 (CH3), 25.01 (C6H10 CH2), 29.45 (C(CH3)3), 32.13 (C6H10 CH2), 
35.18 (C(CH3)3), 55.43 (CHS), 116.98 (C6H2), 130.65 (C6H2), 130.96 (C6H2 CH), 132.60 
(C6H2 CH), 137.31 (C6H2), 167.29 (C6H2). 
 Anal. calcd (%) for C28H38Cl2O2S2Ti (589.53): C, 57.05; H, 6.50. Found: C, 56.72; H, 
6.65. 
 
 Synthesis of Λ-[Ti{2,2’-(OC6H2-6-
t
Bu-4-Me)2-(1R,2R)-SC6H10S}Cl2] ((Λ,R,R)-18). 
Following the same procedure as reported for the preparation of 18, starting from (R,R)-12, 
(Λ,R,R)-18 was obtained in 92% yield. Crystals suitable for X-ray analysis were obtained by 
slow evaporation of a CH2Cl2 solution at room temperature. 
 Anal. calcd (%) for C28H38Cl2O2S2Ti (589.53): C, 57.05; H, 6.50; S, 10.88. Found: C, 
57.21; H, 6.49; S, 10.79; 23][ Dα  = -210 (l = 1.0 dm, c = 0.75 mg mL
-1, CH2Cl2). 
 
 Synthesis of ∆-[Ti{2,2’-(OC6H2-6-
t
Bu-4-Me)2-(1S,2S)-SC6H10S}Cl2] ((∆,S,S)-18). 
Following the same procedure as reported for the preparation of 18, starting from (S,S)-12 (54 
mg, 0.11 mmol) and titanium tetrachloride (13 µL, 22 mg, 0.12 mmol), (∆,S,S)-18 was 
obtained in 99% yield (66 mg, 0.11 mmol). 
 Anal. calcd (%) for C28H38Cl2O2S2Ti · 0.5 C5H12 (625.61): C, 58.56; H, 7.09. Found: C, 
58.34; H, 7.05; 23][ Dα  = +213 (l = 1.0 dm, c = 0.73 mg mL
-1, CH2Cl2). 
 
 Synthesis of rac-[Ti{2,2’-(OC6H2-4,6-
i
Pr2)2-trans-1,2-SC6H10S}Cl2] (19). Neat titanium 
tetrachloride (145 µL, 0.25 g, 1.32 mmol) was added dropwise to a solution of 13 (0.66 g, 
1.32 mmol) in toluene (10 mL) at -30 °C. The mixture was allowed to warm up to room 
temperature and stirred for 2 h. The solvent was removed under reduced pressure and the 
residue was recrystallised from toluene to give 19 (0.65 g, 1.05 mmol, 80%) as a red powder. 
 1H NMR: δ = 1.03 (m, 2H, C6H10 CH), 1.22 (dd, 
3
JHH = 6.9 Hz, 
4
JHH = 1.7 Hz, 12H, 
CH(CH3)2), 1.32 (dd, 
3
JHH = 6.9 Hz, 
4
JHH = 1.3 Hz, 12H, CH(CH3)2), 1.59 (m, 2H, C6H10 CH), 
1.72 (m, 2H, C6H10 CH), 2.25 (m, 2H, C6H10 CH), 2.65 (m, 2H, CHS), 2.85 (hep, 
3
JHH = 6.9 
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Hz, 2H, CH(CH3)2), 3.31 (hep, 
3
JHH = 6.9 Hz, 2H, CH(CH3)2), 6.98 (d, 2H, 
4
JHH = 2.0 Hz, 
C6H2 CH), 7.15 (d, 2H, 
4
JHH = 2.0 Hz, C6H2 CH); 
 13C{1H} NMR: δ = 22.07 (CH(CH3)2), 22.55 (CH(CH3)2), 24.11 (CH(CH3)2), 24.15 
(CH(CH3)2), 25.15 (C6H10 CH2), 29.25 (CH(CH3)2), 32.21 (C6H10 CH2), 33.55 (CH(CH3)2), 
55.47 (CHS), 115.78 (C6H2), 128.32 (C6H2 CH), 129.57 (C6H2 CH), 135.39 (C6H2), 142.25 
(C6H2), 166.73 (C6H2). 
 Anal. calcd (%) for C30H42O2S2Cl2Ti (617.59): C, 58.34; H, 6.85. Found: C, 58.16; H, 
6.79. 
 
 Synthesis of rac-[Ti{2,2’-(OC6H3-4-Me)2-trans-1,2-SC6H10S}Cl2] (20). Neat titanium 
tetrachloride (110 µL, 0.19 g, 1.0 mmol) was added dropwise to a solution of 14 (0.36 g, 1.0 
mmol) in toluene (10 mL) at -30 °C. The mixture was allowed to warm up to room 
temperature and stirred overnight. The solvent was removed under reduced pressure, the 
residue was washed with pentane (2 × 10 mL) and subsequently dried in vacuo to give 20 
(0.25 g, 0.37 mmol, 86%) as a red powder. Crystals suitable for X-ray analysis could be 
obtained from toluene solution. 
 1H NMR: δ = 1.05 (m, 2H, C6H10 CH), 1.61 (m, 2H, C6H10 CH), 2.25 (m, 2H, C6H10 CH, 
partial overlap with Me signal), 2.31 (s, 3H, CH3), 2.71 (m, 2H, CHS), 6.78 (d, 2H, 
3
JHH = 8.4 
Hz, C6H2 CH), 7.12 (m, 2H, C6H2 CH), 7.22 (dd, 
3
JHH = 8.4 Hz, 
4
JHH = 2.2 Hz, C6H2 CH); 
 13C{1H} NMR: δ = 20.64 (CH3), 24.29 (C6H10 CH2), 32.00 (C6H10 CH2), 55.63 (CHS), 
115.15 (C6H2 CH), 115.57 (C6H2), 131.68 (C6H2), 134.01 (C6H2 CH), 135.09 (C6H2 CH), 
168.52 (C6H2). 
 Anal. calcd (%) for C20H22O2S2Cl2Ti (477.33): C, 60.62; H, 7.48. Found: C, 60.63; H, 
7.86. 
 
 Synthesis of rac-[Ti{2,2’-(OC6H2-4,6-
t
Bu2)2-trans-1,2-SC6H10S}(O
i
Pr)2] (21). Neat 
titanium tetra(isopropoxide) (126 µL, 0.12 g, 0.41 mmol) was added to a stirred solution of 11 
(0.23 g, 0.41 mmol) in pentane (25 mL). The resulting yellow solution was stirred for 2 h. All 
volatiles were removed under reduced pressure and the resulting pale yellow solid was 
dissolved in pentane and stored at -78 °C for several days to give 21 in 71% yield (0.21 g, 
0.29 mmol). 
 1H NMR (C6D6): δ = 0.40 (m, 2H, C6H10 CH), 1.05-1.16 (m, 2H, C6H10 CH), 1.25 (d, 6H, 
3
JHH = 6.1Hz, CH(CH3)2), 1.29 (s, 18H, C(CH3)3), 1.30 (d, 6H, 
3
JHH = 6.1 Hz, CH(CH3)2), 
Optically Active Oligostyrenes from Enantiomerically Pure [OSSO]-Type Titanium Complexes  
 59 
1.46-1.66 (m, 2H, C6H10 CH), 1.74 (s, 18H, C(CH3)3), 1.91 (m, 2H, C6H10 CH), 2.53 (m, 2H, 
CHS), 4.89 (hep, 2H, 3JHH = 6.1 Hz, CH(CH3)2), 7.35 (d, 2H, 
4
JHH = 2.5 Hz, C6H2 CH), 7.58 
(d, 2H, 4JHH = 2.5 Hz, C6H2 CH); 
 13C{1H} NMR (C6D6): δ = 25.54 (C6H10 CH2), 26.15 (CH(CH3)2), 26.79 (CH(CH3)2), 
29.84 (C(CH3)3), 31.79 (C(CH3)3), 33.08 (C6H10 CH2), 34.25 (C(CH3)3), 35.84 (C(CH3)3), 
53.17 (CHS), 79.80 (CH(CH3)2), 114.94 (C6H2), 126.52 (C6H2 CH), 130.28 (C6H2 CH), 
136.98 (C6H2), 139.60 (C6H2), 168.01 (C6H2). 
 Anal. calcd (%) for C40H64O4S2Ti (720.96): C, 66.64; H, 8.95. Found: C, 66.34; H, 8.75. 
 
 Synthesis of Λ-[Ti{2,2’-(OC6H2-4,6-
t
Bu2)2-(1R,2R)-SC6H10S}(O
i
Pr)2] ((Λ,R,R)-21). 
Following the same procedure as reported for the preparation of 21, starting from (R,R)-11 
(0.30 g, 0.54 mmol) and titanium tetra(isopropoxide) (157 µL, 0.15 g, 0.54 mmol), (Λ,R,R)-21 
was isolated in 79% yield (0.31 g, 0.43 mmol). 
 Anal. calcd (%) for C40H64O4S2Ti (720.96): C, 66.64; H, 8.95. Found: C, 66.36; H, 8.95;
 
23][ Dα  = +200 (c = 2.0 mg mL
-1, CH2Cl2). 
 
 Synthesis of ∆-[Ti{2,2’-(OC6H2-4,6-
t
Bu2)2-(1S,2S)-SC6H10S}(O
i
Pr)2] ((∆,S,S)-21). 
Following the same procedure as reported for the preparation of 21, starting from (S,S)-11 
(0.30 g, 0.54 mmol) and titanium tetra(isopropoxide) (157 µL, 0.15 g, 0.54 mmol), (∆,S,S)-21 
was obtained in 75% yield (0.29 g, 0.40 mmol). 
 Anal. calcd (%) for C40H64O4S2Ti (720.96): C, 66.64; H, 8.95. Found: C, 66.97; H, 9.15; 
23][ Dα  = -184 (c = 1.8 mg mL
-1, CH2Cl2). 
 
 Synthesis of rac-[Ti{2,2’-(OC6H2-6-
t
Bu-4-Me)2-trans-1,2-SC6H10S}(O
i
Pr)2] (22). Neat 
titanium tetra(isopropoxide) (800 µL, 0.76 g, 2.69 mmol) was added to a stirred solution of 12 
(1.28 g, 2.64 mmol) in pentane (20 mL). The resulting yellow solution was stirred for 2 h. All 
volatiles were removed under reduced pressure and the residue was recrystallised from 
hexamethyldisiloxane to afford microcrystalline pale yellow 22 in 68% yield (1.14 g, 1.80 
mmol). 
 1H NMR: δ = 1.05 (m, 2H, C6H10 CH), 1.13 (d, 
2
JHH = 6.0 Hz, CH(CH3)2, overlapping), 
1.14 (d, 2JHH = 6.0 Hz, CH(CH3)2), 1.44 (s, 18 H, C(CH3)3), 1.60 (m, 4H, C6H10 CH), 2.14 (m, 
2H, C6H10 CH), 2.24 (s, 6H, CH3), 2.35 (m, 2H, CHS), 4.69 (hep,
 3
JHH = 6.0 Hz, CH(CH3)2), 
6.93 (d, 2H, 4JHH = 2.3 Hz, C6H2 CH), 7.07 (d, 2H, 
4
JHH = 2.3 Hz, C6H2 CH); 
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 13C{1H} NMR: δ = 20.74 (CH3), 25.47 (C6H10 CH2), 25.84 (CH(CH3)2), 29.29 (C(CH3)3), 
32.63 (C6H10 CH2), 35.05 (C(CH3)3), 52.74 (CHS), 79.24 (CH(CH3)2), 114.36 (C6H2), 125.45 
(C6H2), 129.81 (C6H2 CH), 133.18 (C6H2 CH), 137.04 (C6H2), 167.45 (C6H2). 
 Anal. calcd (%) for C34H52O4S2Ti (636.80): C, 64.13; H, 8.23, Found: C, 63.70; H, 8.03. 
 
 Synthesis of Λ-[Ti{2,2’-(OC6H2-6-
t
Bu-4-Me)2-(1R,2R)-SC6H10S}(O
i
Pr)2] ((Λ,R,R)-22). 
Following a similar procedure as reported for the preparation of 22, starting from (R,R)-12 
(0.40 g, 0.85 mmol) and titanium tetra(isopropoxide) (255 µL, 0.24 g, 0.86 mmol), (Λ,R,R)-22 
was obtained in 72% yield. Crystals suitable for X-ray analysis could be obtained from 
hexamethyldisiloxane solution. 
 Anal. calcd (%) for C48H64O2S2Ti (636.80): C, 64.13; H, 8.23. Found: C, 63.84; H, 8.04; 
23][ Dα  = +311 (c = 1.8 mg mL
-1, CH2Cl2). 
 
 Synthesis of ∆-[Ti{2,2’-(OC6H2-6-
t
Bu-4-Me)2-(1S,2S)-SC6H10S}(O
i
Pr)2] ((∆,S,S)-22). 
Following a similar procedure as reported for the preparation of 22, starting from (S,S)-12 (40 
mg, 0.09 mmol) and titanium tetra(isopropoxide) (27 µL, 26 mg, 0.09 mmol), (∆,S,S)-22 was 
obtained in 81% yield. 
 Anal. calcd (%) for C48H64O2S2Ti (636.80): C, 64.13; H, 8.23. Found: C, 63.36; H, 8.10; 
23][ Dα  = -317 (c = 2.8 mg mL
-1, CH2Cl2). 
 
 Synthesis of rac-[Ti{2,2’-(OC6H2-6-
t
Bu-4-Me)2-trans-1,2-SC6H10S}(CH2Ph)2] (23). 
Benzyl magnesium chloride (1.0 M) in diethyl ether (2.7 mL, 0.41 g, 2.70 mmol) was added 
to a stirred suspension of 18 (0.75 g, 1.27 mmol) in pentane (40 mL) at -78 °C. The resulting 
dark red solution was allowed to slowly warm to 0 °C and then stirred for 1 h. The solution 
was filtered, concentrated and stored at -70 °C overnight to give 23 as a dark red powder in 
56% yield (0.50 g, 0.71 mmol). Crystals suitable for X-ray analysis were obtained from 
pentane solution at -30 °C. 
 1H NMR (C6D6): δ = 0.17 (m, 2H, C6H10 CH), 0.93 (m, 2H, C6H10 CH), 1.31 (m, 2H, 
C6H10 CH), 1.63 (m, 2H, C6H10 CH), 1.76 (s, 18H, C(CH3)3), 2.08 (m, 2H, CHS, overlap with 
CH3 signal), 2.13 (s, 6H, CH3), 3.42 (d, 2H, 
2
JHH = 9.0 Hz, TiCH), 3.50 (d, 2H, 
2
JHH = 9.0 Hz, 
TiCH), 6.89 (t, 2H, C6H5 p-CH, overlap with C6H2 signal), 6.91 (m, 2H, C6H2 CH), 7.06 (m, 
4H, C6H5 m-CH), 7.20 (d, 4H, C6H5 o-CH), 7.26 (d, 2H, 
4
JHH = 1.8 Hz, C6H2 CH); 
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 13C{1H} NMR (C6D6): δ = 20.87 (CH3), 25.17 (C6H10 CH2), 30.01 (C(CH3)3), 33.13 
(C6H10 CH2), 35.50 (C(CH3)3), 53.23 (CHS), 88.94 (TiCH2, 
1
JCH = 132 Hz), 118.28 (C6H2), 
123.57 (p-C6H5), 128,29 (C6H2, overlap with solvent), 128.57 (m-C6H5), 130.07 (o-C6H5), 
130.58 (C6H2 CH), 134.01 (C6H2 CH), 137.63 (C6H2), 144.16 (ipso-C6H5), 166.84 (C6H2). 
 Anal. calcd (%) for C42H52O2S2Ti (700.89): C, 71.97; H, 7.48. Found: C, 72.03; H, 7.57. 
 
 Reaction of 23 with B(C6F5)3. Compound 23 (35 mg, 50 µmol) and B(C6F5)3 (27 mg, 53 
µmol) were weighed into a vial and dissolved in precooled C6D5Br. The solution was 
transferred immediately into an NMR (Young) tube and kept frozen until immediately before 
NMR spectroscopic measurement. Variable temperature measurements were made between  
-30 °C and 25 °C. 
 1H NMR (C6D5Br, 25 °C, selected resonances): δ = 0.43 (m, C6H10 CH), 0.75-1.60 
(multiple resonances C6H10 CH), 1.40 (s, C(CH3)3), 1.43 (s, C(CH3)3), 1.52 (s, C(CH3)3), 1.74 
(m, C6H10 CH), 2.14 (s, CH3), 2.17 (s, CH3), 2.22 (s, CH3), 2.40 (m, CHS), 2.56 (m, CHS), 
3.05 (d, 1JHH = 7.0 Hz, TiCH2), 3.36 (br s, BCH2), 3.52 (d, 
1
JHH = 7.0 Hz, TiCH2), 3.76 (br), 
3.88 (br s, TiCH2), 6.65-7.45 (C6H2); 
 13C{1H} NMR (C6D5Br, 25 °C): δ = 20.86 (CH3), 20.98 (CH3), 23.39 (C6H10 CH2), 24.79 
(C6H10 CH2), 25.12 (C6H10 CH2), 29.51 (C(CH3)3), 29.64 (C(CH3)3), 29.74 (C(CH3)3), 31.53 
(C6H10 CH2), 32.45 (br, BCH2), 34.95 (C(CH3)3), 35.23 (C(CH3)3) , 35.44 (C(CH3)3), 59.45 
(CHS), 98.37 (br, TiCH2), 99.70 (TiCH2) 118-164 (C6H2); 
 19F NMR (C6D5Br, 25 °C): δ = -127.03 (d, o-F), -141.54 (m, p-F), -159.03 (m, m-F),  
-134.28 (d, 3JFF = 24.0 Hz, o-F), -158.78 (t, 
3
JFF = 21.0 Hz , p-F), -163.75 (t, 
3
JFF = 21.0 Hz, 
m-F).  
 1H NMR (C6D5Br, -30 °C, selected resonances): δ = 0.33 (m, C6H10 CH), 0.90 (m, C6H10 
CH), 1.16 (m, C6H10 CH), 1.38 (s, C(CH3)3), 1.50 (s, C(CH3)3), 1.63 (m, C6H10 CH), 1.89 (m, 
C6H10 CH), 2.11 (s, CH3), 2.16 (s, CH3), 2.21 (s, CH3), 2.24 (s, CH3), 2.37 (m, CHS), 3.35 (d, 
1
JHH = 5.5 Hz, TiCH2), 3.48 (br s, BCH2), 3.82 (d, 
1
JHH = 15.2 Hz, TiCH2), 4.02 (d, 
1
JHH = 5.8 
Hz, TiCH2), 6.35-7.55 (C6H2); 
 13C{1H} NMR (C6D5Br, -30 °C): δ = 20.86 (CH3), 20.98 (CH3), 23.39 (C6H10 CH2), 24.79 
(C6H10 CH2), 25.12 (C6H10 CH2), 29.51 (C(CH3)3), 29.64 (C(CH3)3), 29.74 (C(CH3)3), 31.53 
(C6H10 CH2), 32.45 (br, BCH2), 34.95 (C(CH3)3), 35.23 (C(CH3)3) , 35.44 (C(CH3)3), 59.45 
(CHS), 98.37 (br, TiCH2), 99.70 (TiCH2) 118-164 (C6H2); 
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 19F NMR (C6D5Br, -30 °C): δ = -127.03 (d, o-F), -141.54 (m, p-F), -159.03 (m, m-F),  
-134.28 (d, 3JFF = 24.0 Hz, o-F), -158.78 (t, 
3
JFF = 21.0 Hz , p-F), -163.75 (t, 
3
JFF = 21.0 Hz, 
m-F); 
 11B NMR (C6D5Br, -30 °C): δ = -12.53. 
 
General polymerisation procedure 
 
 Toluene, styrene and 1-hexene were dried over sodium or calcium hydride and degassed 
three times prior to use. A 50 mL Schlenk tube was charged with toluene (calculated for a 
total volume of 15 mL), MAO solution in toluene (1.2 mL, 10 wt %; Aldrich; used as 
received), styrene and 1-hexene (oligomerisations only). The mixture was allowed to warm up 
to 40 °C for 10 min, followed by addition of 0.5 mL of a 2.5 µM stock solution of ((∆,S,S) 
enantiomerically pure) precatalyst in toluene. The reaction mixture was stirred at 40 °C for 2 h 
or 6 h and quenched by addition of 0.5 mL of isopropanol. The product was precipitated from 
100 mL of acidified methanol, filtered and redissolved in a minimum of chloroform. This 
procedure was repeated twice with filtration of the chloroform solution through a layer of 
silica before the last precipitation. Oligomers were dried in vacuo to constant weight; 
polymers were washed with butanone prior to drying. 
 
Crystallographic data  
 
 For general remarks and details on X-ray structure analysis, see Appendix A.2. The 
hydroxy groups of bis(phenol) (S,S)-11 are disordered over the o-sulfur arene positions. 
Diastereomer (S,S,S,S)-16 contains cocrystallised cyclohexane molecules, which were also 
disordered. Split positions of unequal intensity were introduced in both structures. 
Compounds (Λ,R,R)-18 and 23 contain cocrystallised CH2Cl2 and pentane respectively. The 
former was anisotropically refined; the latter was refined with isotropic displacement 
parameters for all carbon atoms. Due to the poor diffracting quality of the crystals of  
(Λ,R,R)-22, all atoms except the titanium centres were isotropically refined. Crystallographic 
data and data collection parameters are summarised in Table A.2 and Table A.3. 
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4. Synthesis and Polymerisation Activity 
of a Chiral [OSSO]-Type 
Bis(phenolato) Vanadium(V) Complex 
 
 
4.1 Introduction 
 
 The use of vanadium in bioinorganic catalysis1, asymmetric catalysis2, and polymerisation 
catalysis3 has sparked an interest in the study of its coordination chemistry. A recurring object 
of study is the interaction between vanadium and sulfur4, since vanadium-sulfur interactions 
are present in several vanadium-containing enzymes5 and vanadium complexes bearing chiral 
ligands are active in the asymmetric oxidation of prochiral sulfides to sulfoxides.2c The unique 
properties of vanadium in Ziegler-Natta-type olefin polymerisation catalysis have ensured a 
continuing interest in their development in spite of generally lower activities that result from a 
tendency towards reduction to low-valent, inactive species.3,6 Recently, several research 
groups have reported new post-metallocene vanadium catalysts featuring aryloxide-based 
ligands7, since aryloxides are known to give highly active olefin polymerisation catalysts8 and 
are of potential interest as chemical models for the active site of vanadium nitrogenase.9 A 
new family of chiral-at-metal group 4 metal catalysts precursors supported by linear, 
tetradentate 1,ω-dithiaalkanediyl-bridged bis(phenolato) [OSSO] ligands was recently 
introduced that shows interesting reactivity towards a variety of olefins.10 Here, the synthesis, 
structure and olefin polymerisation study of a vanadium(V) complex that contains a trans-1,2-
dithiacyclohexane-bridged bis(phenolato) ligand is reported. 
 
4.2 Results and Discussion 
 
4.2.1 Synthesis and characterisation 
 
Vanadium complex [V{2,2’-(C6H2O-6-
tBu-4-Me)2SC6H10S}OCl] (24) was synthesised by 
reaction of the racemic bis(phenol) [2,2’-(HOC6H2-6-
tBu-4-Me)2SC6H10S] (12) with VOCl3 
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(Scheme 4.1).11 Complex 24 precipitates from pentane solution and can be isolated in 
excellent yield as a dark green to dark blue powder, which dissolves to give an intense blue 
solution (UV-vis: λmax = 635 nm, εmax = 3575). 
 Complexes bearing [OSSO]-type ligands adopt helical (cis-α and cis-β) conformations, 
which render the complex chiral at the metal centre.12 Due to the two different auxiliary 
ligands coordinated to the vanadium centre, both cis-α and cis-β configurations for 24 have 
C1-symmetry. Thus, for the cis-β configuration there are eight possible stereoisomers, whereas 
for the C2-symmetrical cis-α coordination mode of the ligand four steroisomers are possible. 
From the observation of a single set of product resonances in 1H and 13C NMR spectra (C6D6) 
follows that the complexation of 12 to the VOCl fragment proceeds diastereoselectively. This 
diastereoselectivity was also observed for cyclohexyl-bridged [Ti{OSSO}X2] complexes 17-
22. The 1H NMR spectrum of 24 shows four singlets for the tert-butyl and methyl resonances 
and four doublets (4JHH = 1.0 and 1.8 Hz) for the aromatic protons, which confirms its C1-
symmetry. 
 
(rac)-12
S
S OH
tBu
Me
OH
tBu
Me
pentane, 2 h
VOCl3
(rac)-24
O
O
S
tBu
Me
tBu
Me
V
O
Cl
S
 
Scheme 4.1 
 
 To determine the configuration of 24, single crystals suitable for X-ray analysis were 
grown from a 1 : 1 mixture of THF and pentane at room temperature. Complex 24 crystallises 
as a conglomerate rather than a racemic mixture. The (∆,S,S)-isomer is shown in Figure 4.1. 
The [OSSO] ligand adopts a cis-α conformation around the octahedral vanadium(V) centre. 
Analogous group 4 [M{OSSO}X2] complexes and structurally characterised vanadium(II-IV) 
complexes bearing tetradentate [(C6H4S)2{SC2H4S}] and [(C5H4N)2{SC2H4S}] ligands 
published by Rehder and coworkers also adopt cis-α conformations.13,14 In complex 24 the 
aryloxide moieties in the apical positions are slightly bent away from their ideal positions 
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(O1–V–O2 = 156.1(3)°) and the dithiacyclohexane bridge in the equatorial plane coordinates 
in an asymmetrical fashion. With 1.662(7) Å the V–O3 bond distance is circa 0.2 Å shorter 
than its phenolic counterparts, which clearly shows its double bond character.  
 
 
Figure 4.1. ORTEP diagram of (∆,S,S)-24 with thermal ellipsoids drawn at the 50% probability level. 
Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°):V–O1 1.831(7),  
V–O2 1.855(7), V–O3 1.662(7), V–Cl 2.245(4), V–S1 2.715(3), V–S2 2.530(4), O1–V–O2 156.1(3), 
S1–V–S2 79.44(10), O3–V–Cl 105.1(3). 
 
 The V–S bond distance of the sulfur atom trans to the chloro ligand (V–S2 = 2.530(4) Å) 
falls within the range commonly observed for V(I-V)-thioether complexes (2.45-2.60 Å), but 
is significantly shorter in comparison to [Ti{OSSO}Cl2] complexes (2.61-2.63 Å).
11 In 
contrast, the large trans-influence of the vanadyl oxygen causes elongation of the V–S1 bond 
to 2.715(3) Å. A similar trans-influence has also been reported for mono-sulfur-bridged 
bis(phenolato) complexes [V{2,2’-(C6H2O-6-
tBu-4-Me)2S}OL]2 (L = OH, OEt) [15].
15 
 
4.2.2 Olefin polymerisation 
 
 Upon activation with MAO complex 24 does not polymerise propene and shows only 
trace activity for the polymerisation of styrene, but ethene is polymerised with excellent 
activity to very high molecular weight polyethene (Table 4.1). Polymerisation activity and 
polydispersity increase with temperature up to 40 °C, after which a sharp drop in activity is 
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observed, likely due to decomposition of the catalyst. At 40 °C the activity is rather 
insensitive to the amount of cocatalyst, whereas at 25 °C and below a larger excess of MAO 
clearly benefits polymerisation activity. Since 24 does not react instantaneously with an 
excess of AlMe3 at room temperature, a higher Al/V ratio may serve to generate the active 
species quicker at lower temperatures. An increase of ethene pressure from 3 to 5 bar results 
in a twofold increase of polymerisation activity (entry 9). 
 
Table 4.1. Ethene polymerisation activity of complex 24. 
Entry
[a] 
Al / V
[c] 
T (°C) Yield (g) Activity
[d] 
Mn × 10
-5 [e]
 Mw / Mn
[e] 
1 1500 10 0.20 65 5.52 1.8 
2 2600 10 0.23 74 - - 
3 800 25 0.82 265 5.46 2.1 
4 1500 25 1.03 332 5.65 2.3 
5 2600 25 1.21 390 5.15 2.1 
6 1500 40 1.30 419 4.61 2.6 
7 2000 40 1.38 445 5.69 3.3 
8 2600 40 1.20 387 5.84 3.0 
9[b] 2600 40 2.40 774 5.60 2.8 
10 2600 60 0.52 168 9.46 2.7 
[a] Polymerisation conditions: 3.1 µmol precatalyst, 300 mL toluene, t = 60 min., p(ethene) = 3 bar. [b] 
p(ethene) = 5 bar. [c] Activated by MAO. [d] kg mol-1 h-1. [e] Determined by HT GPC. 
 
4.3 Conclusions 
 
 The synthesis of a C1-symmetrical bis(phenolato) vanadium(V) complex proceeds with 
the same diastereoselectivity as titanium species bearing the trans-1,2-dithiacyclohexane-
bridged bis(phenolato) ligand. The resulting chiral vanadium complex spontaneously resolves 
upon crystallisation, giving a conglomerate rather than racemic crystals. When activated with 
MAO, the vanadium catalyst is highly active for the polymerisation of ethene. No 
polymerisation of propene or styrene was observed. 
 
4.4 Experimental Section 
 
General considerations 
 
 For general remarks and details on analytical equipment, see Appendix A.1.  
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Syntheses 
 
 Synthesis of rac-[V{2,2’-(C6H2O-6-
t
Bu-4-Me)2-trans-1,2-SC6H10S}OCl] (24). A 
solution of VOCl3 (368 mg, 2.12 mmol, 80 µL) in 13 mL of pentane was added dropwise to a 
stirred solution of 12 (1.00 g, 2.12 mmol) in 30 mL of pentane at -60 °C. Green colouration 
and precipitation of a dark solid occurred immediately. The suspension was stirred for 2 h 
while slowly warming up to room temperature. The reaction mixture was evacuated, washed 
twice with 20 mL of pentane, and dried in vacuo to give 24 in 98% yield as a dark green 
powder (1,19 g, 2.08 mmol). Blue-black crystals suitable for X-ray analysis were obtained 
from slow evaporation of a 1 : 1 THF/pentane solution at room temperature. 
 1H NMR (C6D6): δ = 0.15 (m, 2H, C6H10 CH), 0.92 (m, 2H, C6H10 CH), 1.18 (m, 2H, 
C6H10 CH), 1.52 (m, 1H, C6H10 CH), 1.62 (s, 9H, C(CH3)3), 1.64 (s, 9H, C(CH3)3), 1.67 (m, 
1H, C6H10 CH, overlapping), 2.02 (s, 3H, CH3), 2.08 (s, 3H, CH3), 2.12 (m, 1H, CHS), 2.37 
(m, 1H, CHS), 6.76 (d, 4JHH = 1.0 Hz, C6H2 CH), 6.92 (d, 
4
JHH = 1.0 Hz, C6H2 CH), 7.11 (d, 
4
JHH = 1.8 Hz, C6H2 CH) , 7.22 (d, 
4
JHH = 1.8 Hz, C6H2 CH).  
 13C{1H} NMR: δ = 20.73 (CH3), 21.03 (CH3), 24.98 (C6H10 CH2), 25.04 (C6H10 CH2), 
29.67 (C(CH3)3), 30.11 (C(CH3)3), 31.34 (C6H10 CH2), 32.96 (C6H10 CH2), 35.59 (C(CH3)3), 
35.73 (C(CH3)3), 52.73 (CHS), 54.64 (CHS), 111.58 (C6H2), 120.31 (C6H2), 129.44 (C6H2), 
129.90 (C6H2), 131.62 (C6H2), 131.71 (C6H2), 134.12 (C6H2), 134.78 (C6H2), 136.44 (C6H2), 
139.07 (C6H2), 171.93 (C6H2), 172.56 (C6H2).  
 UV-vis: λmax = 635 nm (εmax = 3575, c = 1.16·10
-4 M, Et2O). Anal. calcd (%) for 
C28H38O3S2ClV (573.13): C, 58.68; H, 6.68. Found: C, 58.78; H, 7.24.  
 
General polymerisation procedure 
 
 Polymerisations were carried out in a 600 mL semi-automated double jacket metal reactor. 
The reactor was filled with 280 mL toluene and flushed with ethene until the solvent was 
saturated, after which one part of the MAO was added to reactor via a pressure buret. The 
polymerisation was started by addition of 20 mL precatalyst solution, which was pre-activated 
with the other part of the MAO. Ethene consumption was monitored by means of a mass flow 
meter and ethene pressure was kept constant. The reaction was stopped by venting the reactor 
and the polymer was precipitated in 500 mL methanol acidified with 10 mL of 15  
wt. % HCl. The polymer was filtered off and dried at 60 °C under vacuum to constant weight. 
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Crystallographic data  
 
 For general remarks and details on X-ray structure analysis, see Appendix A.2. Diffraction 
data of (∆,S,S)-24 was obtained from a crystal that contains half a molecule of THF and half a 
molecule of pentane per vanadium centre. Both solvents occupy approximately the same 
position in the crystal and were refined using isotropic displacement parameters at 50% 
occupancy. Crystallographic data and data collection parameters are summarised in Table 
A.4. 
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5. Asymmetric [OSNO]-Type Titanium 
Complexes: Synthesis, Structure and 
Olefin Polymerisation 
 
 
5.1 Introduction 
  
 During the past 50 years, homogeneous Ziegler-Natta polymerisation catalysts have been 
developed from mere model systems for heterogeneous systems to highly active olefin 
polymerisation catalysts.1,2 Especially group 4 ansa-metallocenes and half-sandwich catalysts 
have been instrumental in the study of reaction mechanisms and structure-property 
relationships, offering a high degree of control over the nature of the polyolefin product.3,4 
Currently, there is considerable interest in the development of stereospecific α-olefin 
polymerisation catalysts that do not feature the ubiquitous and extensively patented 
cyclopentadienyl ligand.5 An important family of post-metallocene catalysts are group 4 metal 
complexes based on bis(aryloxide) ligands that have additional coordinating heteroatoms.6-19 
Successful examples are phenoxy-imine (FI) based catalysts, which show high activity and 
selectivity for the (co)polymerisation of a broad range of aliphatic α-olefins, but rather low 
activity for the polymerisation of styrene.6,7,20,21  
 To design stereoselective α-olefin polymerisation catalyst precursors based on a 
bis(phenolato) ligand framework, a number of differently sulfur-linked bis(phenolato) ligands 
have been investigated.18a-d,22 In contrast to stronger donor atoms, the soft sulfur atom 
interacts more weakly with the hard metal, thus stabilising the reactive cationic metal centre 
without deactivating it. This effect has been proposed to account for the higher ethylene 
polymerisation activity of some sulfur-bridged bis(phenolato) titanium systems in comparison 
to methylene-bridged or biaryloxide analogues.23 Recently, we have shown that group 4 metal 
catalyst precursors based on tetradentate α,β-dithiaalkanediyl-linked [OSSO]-type 
bis(phenolato) ligands were able to efficiently polymerise styrene to give isotactic polystyrene 
upon activation of the dihalide complex with MAO.18e,f,24,25 Living isospecific polymerisation 
of styrene is possible with borane- or borate-activated [Ti{OSSO}(CH2Ph)2] complexes,
26 and 
optically active oligostyrenes can be generated by catalysts with enantiopure [OSSO] 
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ligands.18f,27 Aliphatic α-olefins are merely oligomerised by [Ti{OSSO}X2] catalysts, albeit 
with excellent activity.28 
 Kol and coworkers have reported on similar linear [ONNO]-type bis(phenolato) group 4 
catalysts, which are suitable for the synthesis of isotactic poly(1-hexene).11 No styrene 
polymerisation activity has been reported for these catalysts. With these results in mind, the 
question arises whether the use of linked bis(phenolato) ligands with mixed sulfur and 
nitrogen donors could combine the advantages of both parent ligand families in α-olefin 
polymerisation catalysis.29 Therefore, the synthesis and coordination chemistry of titanium 
complexes bearing tetradentate, cyclohexyl-bridged, [OSNO]-type hybrid ligand systems and 
their styrene and 1-hexene polymerisation activity were explored.  
 
OH
R
tBu NH
OH
R
S tBu
OH
R
tBu SNa
O
R
tBu NH
OH
R
tBu NH2
OH
R
tBu NH OH
O
a) 1. CH3SO3H
b) NaOH
25,27,29 R = Me
26,28,30 R = tBu
25,26
120°C
EtOH
2. ClSO3H, Et2O
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Scheme 5.1 
 
5.2 Results and Discussion 
 
5.2.1 Ligand synthesis  
 
 Ligand precursors 29 and 30 were synthesised as racemates via a multistep route (Scheme 
5.1). Nucleophilic attack of a 4,6-disubstituted o-aminophenol on cyclohexene oxide at 120 
°C afforded the corresponding ring-opened trans-aminocyclohexanols 25 and 26. In a one-pot 
synthesis in diethyl ether solution, the amino group was protected by CH3SO3H. After 
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subsequent addition of ClSO3H and NaOH, the sulfonamide underwent ring closure to give 
hexahydro-1H-phenoxazine intermediates 27 and 28 in good overall yield.30 In the last 
reaction step, bis(phenols) 29 and 30 were obtained by nucleophilic attack of an arenethiolate 
on 27 and 28 in refluxing ethanol. Control over the stereochemistry of every substitution step 
allowed the racemic ligand precursors 29 and 30 to be obtained selectively in the trans-N,S 
configuration. Bis(phenol) 29 is an air-sensitive solid, whose colour will change from 
colourless to green in solution and in the solid state upon exposure to air. In contrast, 
bis(phenol) 30 is air-stable. The N-methylated analogues 31 and 32 could be prepared in good 
yield by reaction of 29 and 30 with NaBH4 in formic acid solution (Scheme 5.2).
31 Both 31 
and 32 could be isolated as air-stable colourless solids. 
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 Bis(phenol) 34, a salen-[OSSO] hybrid, was prepared by a two-step procedure, as shown 
in Scheme 5.3. The first step is a nucleophilic ring-opening reaction of an aziridine by an 
arenethiolate in methanol to give the racemic (2-aminocyclohexylthio)phenol (33) with the 
desired trans-N,S stereochemistry. Schiff-base condensation of this amine with the 
appropriate o-hydroxybenzaldehyde in refluxing methanol afforded 34 as a yellow solid in 
moderate yield.32 Reduction of the imine bond of 34 with NaBH4 in a mixture of methanol 
and diethyl ether gave hybrid salan ligand 35 in high yield as a colourless solid. 
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5.2.2 Complex synthesis and characterisation 
 
 Reaction of ligands 29-32 with TiX4 (X = Cl, O
iPr) in toluene proceeded cleanly to afford 
the corresponding dichloro- or diisopropoxy-[Ti{OSNO}X2] complexes 36-41 in high (X = 
Cl) or low (X = OiPr) yield (Scheme 5.4).33 There are three conceivable configurational 
isomers for octahedral complexes featuring a linear tetradentate [ABBA] ligand of which the 
chiral-at-metal cis-α and cis-β conformers exist as ∆ and Λ stereoisomers (Figure 5.1).34 
Titanium complexes supported by [OSSO] and many [ONNO]-type ligands adopt cis-α or cis-
β configurations. For symmetrical bis(phenols), these types of coordination isomerism can be 
distinguished by NMR spectroscopy, where the symmetry is reflected in the spectra. The lack 
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of symmetry in [OSNO] bis(phenolato) ligands complicates elucidation of their complex 
geometry by NMR spectroscopy. 
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Figure 5.1. Chiral geometries for asymmetric tetradentate ligands around an octahedral metal centre. 
 
 The trans-selective synthesis of racemic 1,2-azathiacyclohexanediyl-bridged bis(phenols) 
only allows for the presence of two enantiomers. Upon complexation to the metal centre 
however, eight cis-α and sixteen cis-β diastereomers are possible, taking into account the 
chiral cyclohexyl bridge and the nitrogen donor that becomes chiral upon coordination.35 The 
cis-β isomers can now be divided into cis-β1 and cis-β2 subclasses, where cis-β1 is defined as 
having the auxiliary ligand (X) in the equatorial plane trans to the higher CIP priority central 
donor atom.36 It was shown for cyclohexyl-bridged complexes [Ti{OSSO}X2] (X = Cl, O
iPr) 
and for [V{OSSO}OCl], that reaction of the bis(phenol) with the metal centre is 
diastereoselective.18f,27a,37 Observation by NMR spectroscopy of a single product in the 
synthesis of complexes 36-41 suggests that the observed diastereoselectivity extends to 
cyclohexyl-bridged mixed-donor complexes.  
 Due to the asymmetric nature of the complexes, 1H NMR spectroscopy of complexes 36-
41 shows four doublet aromatic hydrogen signals and four resonances for the aryl 
substituents. The spectra of 36, 37, and 38 show doublet NH resonances at 5.22, 5.24, and 
4.28 ppm, respectively; compounds 39, 40, and 41 display N-Me resonances at 3.22, 3.23, and 
2.84 ppm. All complexes are structurally rigid in solution up to 100 °C. Some obvious 
differences between 36-37 and 38-41 were observed in the 1H NMR spectra. Whilst for 
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complexes 38-41 all resonances for the cyclohexyl bridge can be found upfield of 3 ppm, for 
complexes 36 and 37 one of the cyclohexyl protons shows a large downfield shift to 4.0 ppm. 
Furthermore, 36 and 37 display a high-field-shifted tBu resonance at 0.90 ppm while for 
complexes 38-41 all tBu resonances lie between 1.3 and 1.6 ppm. In comparison, cyclohexyl-
bridged [Ti{OSSO}X2] complexes (X = Cl, O
iPr) feature tBu resonances between 1.2 and 1.6 
ppm and cyclohexyl resonances upfield of 2.9 ppm. The dissimilar nature of the NMR spectra 
of 36 and 37 suggests that the configuration of the [OSNO] ligand around the metal centre 
differs from complexes 38-41 and from [Ti{OSSO}X2]. In order to further investigate the 
absolute structure of these complexes, single crystals of 37, 40, and 41 were grown for X-ray 
diffraction analysis. The combination of X-ray analysis and NMR spectroscopy shows that the 
configuration of the [OSNO] ligand around the titanium centre strongly depends on the amine 
substituent (R2) and on the auxiliary ligand. The dichloro complexes derived from 
bis(phenols) 29 and 30 (R2 = H) have a cis-β2 configuration. Conversely, all diisopropoxy and 
dichloro complexes derived from 31 and 32 (R2 = Me) have a cis-α configuration.  
 
 
Figure 5.2. ORTEP diagram of 37 with thermal ellipsoids drawn at the 50% probability level. 
Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (º): Ti–O1 1.855(3),  
Ti–O2 1.834(3), Ti–S 2.5956(16), Ti–N 2.254(4), Ti–Cl1 2.3470(16), Ti–Cl2 2.2781(16), O1–Ti–O2 
94.22(15), S–Ti–N 77.98(11), Cl1–Ti–Cl2 95.14(6).  
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 A single-crystal structure analysis of 37 (Figure 5.2) revealed that the ligand adopts a cis-β 
configuration around the metal centre in a distorted octahedral environment. The S-bound aryl 
oxygen atom occupies the apical position and the other donor atoms lie in the equatorial 
plane, with the sulfur atom and the N-bound phenolato oxygen atom occupying trans 
positions (S–Ti–O2 = 153.60(11)°). Both oxygen atoms are bound to the titanium centre in a 
cis fashion with an O1–Ti–O2 bond angle of 94.22(15)°. The equatorial aryl group is bent 
upwards by 37.42(19)° out of the Ti–N–O2-plane, which fixes the stereogenic nitrogen atom 
in the (S)-configuration for the (R,R)-cyclohexyl bridge and vice versa. The Ti–S bond 
distance of 2.5956(16) Å is relatively short in comparison to literature values observed for 
related bis(phenolato) complexes (2.58-2.88 Å), but compares well with Ti–S bond distances 
of the isostructural cis-β complex [Ti{2,2’-(OC6H2-4,6-
tBu2)2SC3H6S}Cl2] (2.5789(8), 
2.6035(8) Å).38 
 
 
Figure 5.3. ORTEP diagram of 40 with thermal ellipsoids drawn at the 50% probability level. 
Hydrogen atoms are omitted and a single disordered structure is shown for clarity. Primed atoms are 
related by the symmetry transformation (-x,y,-z + 2/3). Selected bond lengths (Å) and angles (º): Ti–O 
1.861(3), Ti–S 2.653(2), Ti–N 2.305(6), Ti–Cl 2.2647(12), O–Ti–O’ 158.47(18), S–Ti–N 78.17(19),  
Cl–Ti–Cl’ 101.63(8). 
 
 Comparison of the Ti–N bond in 37 (2.254(4) Å) with that of cis-α complex 40 (2.305(6) 
Å) shows that in both structures the nitrogen atom is firmly coordinated to the titanium centre 
and that, whilst likely contributing to their stability, their respective configurations are 
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determined by the nitrogen substituent. For the (R,R)-cyclohexyl-bridged ligand, changing 
from a cis-β to a cis-α configuration confers the (R)-configuration onto the nitrogen atom. In 
the solid-state structure of 40 (Figure 5.3), the titanium centre occupies a special position in 
the crystal lattice. The resulting crystallographic C2-symmetry leads to disorder in the N-
methyl and sulfur positions. The sulfur atoms are located between the nitrogen and methyl 
carbon atoms on the N–C bond axis, which suggests that in the solid state N-methyl and sulfur 
require approximately the same amount of space. 
 The solid-state structure of 41 shows the expected cis-α configuration of the [OSNO] 
ligand, forced by the N-methyl substituent (vide supra) and isopropoxy ligands (Figure 5.4). 
The ∆ isomer of 41 features a (R,R)-cyclohexyl bridge, which signifies a break from the trend 
observed for cyclohexyl-bridged [OSSO]-type complexes and [OSNO] complex 40 that only 
(∆,S,S)- and (Λ,R,R)-isomers are observed. The observation of a single species of 41 by NMR 
spectroscopy shows that diastereoselectivity upon complexation is not lost, but merely 
reversed. The sulfur and N-methyl positions are disordered in this crystal as well, but the 
disorder in both 7b and 8a affects neither the stereochemistry of the coordinating nitrogen 
atom nor the stereochemistry of the complex as a whole. 
 
 
Figure 5.4. ORTEP diagram of 41 with thermal ellipsoids drawn at the 50% probability level. 
Hydrogen atoms are omitted and a single disordered structure is shown for clarity. Selected bond 
lengths (Å) and angles (º): Ti–O1 1.949(2), Ti–O2 1.942(2), Ti–O3 1.777(2), Ti–O4 1.790(2), Ti–S 
2.6550(11), Ti–N 2.336(3), O1–Ti–O2 157.33(9), O3–Ti–O4 108.02(10), S–Ti–N 76.62(8), Ti–O3–C30 
175.7(2), Ti–O4–C33 150.9(2). 
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 In contrast to the synthesis of complexes 36-41, reaction of salen-[OSSO] hybrid 
bis(phenol) 34 with titanium tetrachloride in toluene at -30 °C afforded a mixture of two 
compounds (42a and 42b) in an approximate ratio of 3 : 5 as determined from 1H NMR 
(Scheme 5.5). Both isomers are stable for weeks in solution at room temperature. When 
heated to 100 °C for several hours, no interconversion between 42a and 42b was observed by 
NMR spectroscopy. Major isomer 42b could be isolated after several recrystallisations from 
toluene/pentane. Isomer 42a, which was only identified by NMR spectroscopy of the mixture, 
was tentatively assigned a cis-α geometry based on analogy with complex 43a (vide infra). 
From 1H and 13C NMR spectroscopy of 42b the imine moiety can be clearly distinguished as a 
doublet at 8.35 ppm and 161.0 ppm respectively. The presence of four singlets for the tBu 
groups and a downfield-shifted cyclohexane resonance at 3.47 ppm suggest a C1-symmetric 
cis-β complex.  
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Scheme 5.5 
 
 Single crystals suitable for X-ray analysis, grown from a toluene solution, corroborate that 
42b adopts the same cis-β2 configuration that was observed for 37 (Figure 5.5). The extra 
carbon spacer of the imine moiety in the ligand relieves some of the distortion in the 
octahedral complex, which manifests itself in an increase of the S–Ti–O2 bond angle from 
153.60(11)° (37) to 163.90(6)°. In contrast to 37, the N-bound arene and coplanar imine are 
bent downward out of the Ti–N–O2 plane by 10.13(15)°, which leads to an increase in bond 
angle of the cis-coordinated oxygen atoms to 99.35(8)° (37: 94.22(15)°). The Ti–S and Ti–N 
bond distances of 42b (2.5493(8) Å and 2.201(2) Å, respectively) are shorter than in 37 and 
40, but the Ti–N bond distance is longer than that of analogous titanium salen complexes 
(2.12-2.16 Å).39 
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Figure 5.5. ORTEP diagram of 42b with thermal ellipsoids drawn at the 50% probability level. 
Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (º): Ti–O1 1.8614(17), 
Ti–O2 1.8020(17), Ti–S 2.5493(8), Ti–N 2.201(2), Ti–Cl1 2.2718(8), Ti–Cl2 2.3415(8), N–C21 
1.285(3), O1–Ti–O2 99.35(8), S–Ti–N 79.89(5), Cl1–Ti–Cl2 93.21(3), Ti–N–C21 122.34(17). 
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 Analogous to 34, reaction of 35 with TiCl4 results in the formation of two species (43a 
and 43b) in an approximate ratio of 1 : 1 (Scheme 5.6). The 1H and 13C NMR spectra of the 
resulting mixture are too complicated to yield any useful structural information, but 
serendipitously while growing crystals for X-ray analysis the two isomers could be easily 
distinguished visually and separated because of their different crystal shapes. The solid-state 
structure of 43a (Figure 5.6) has cis-α geometry, with structural parameters closely 
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resembling those of 40. The extra methylene group allows for more flexibility of the ligand, in 
which the aryl group is tilted slightly inward. In a similar fashion, 43b (see Appendix A.3) is 
closely related to cis-β2 complexes 37 and 42b. Upon reduction of the double bond, the six-
membered titanacycle becomes puckered, with the nitrogen atom adopting the same 
conformation as in 37. 1H NMR data for 43a and 43b support the observed geometries in the 
solid state and are consistent with NMR data observed for complexes 36-41: whilst for 43a, 
all cyclohexyl resonances are observed upfield of 2.75 ppm, for 43b, one of the cyclohexyl 
resonances is shifted downfield to 3.84 ppm. The NCH2 resonances were observed at 
3.92/4.66 ppm (43a) and 3.85/4.28 ppm (43b). 
 
 
Figure 5.6. ORTEP diagram of 43a with thermal ellipsoids drawn at the 50% probability level. One of 
two crystallographically independent molecules is shown. Hydrogen atoms are omitted for clarity. 
Selected bond lengths (Å) and angles (º): Ti1–O1 1.8749(19), Ti1–O2 1.8300(19), Ti1–S 2.5974(10), 
Ti1–N 2.250(2), Ti1–Cl1 2.2858(10), Ti1–Cl2 2.2787(10), N1–C21 1.491(3), O1–Ti1–O2 160.36(8),  
S–Ti1–N 78.08(7), Cl1–Ti1–Cl2 104.68(4), Ti1–N–C21 109.78(17). 
 
5.2.3 Isomerisation 
 
 Compounds 43a and 43b are stable in solution and do not interchange at temperatures up 
to 100 °C. The high energy barrier for isomerisation suggests that their formation may be 
kinetically controlled. Furthermore, 43a and 43b may be generated in a dynamic process, 
Chapter 5 
 88 
catalysed by HCl that is liberated during the reaction. The acid may protonate the nitrogen 
donor of the ligand, which is then detached from the titanium centre, thus lowering the energy 
barrier for isomerisation. A proposed mechanism is shown in Scheme 5.7. A similar 
mechanism might also apply to the formation of 22a and 22b. To test this hypothesis, an 
experiment was performed in which a catalytic amount (10 mol%) of HCl in diethyl ether was 
added to a toluene solution of a mixture of 43a and 43b. After 24 hours at room temperature, 
it was observed by NMR spectroscopy that complete isomerisation had taken place to give 
43b. This observation supports the hypothesis of acid-catalysed isomerisation and establishes 
43b with cis-β configuration as the more stable isomer. 
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Scheme 5.7 
 
5.2.4 Olefin polymerisation activity 
 
 Compounds 36-43 were tested for styrene polymerisation activity in toluene at 40 °C and 
50 °C, using MAO as cocatalyst (Table 5.1). Upon activation, 36 and 37 produced highly 
isotactic (mm > 90%) polystyrene of relatively high molecular weight and low polydispersity 
with moderate activity. Complexes 40, 41, 42b, 43a, and 43b show low activity and give low 
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molecular weight atactic polystyrenes. GPC spectra of polystyrene produced by 40-43 show 
very broad bimodal or multimodal molecular weight distributions, which indicate the presence 
of multiple active species. No apparent relationship seems to exist between the configuration 
of the precatalyst and polymer microstructure. Whereas 36 and 37, which have cis-β2 ligand 
geometry, give isotactic polystyrene, the similarly configured 43b does not polymerise styrene 
stereoselectively. Moreover, cis-α precatalysts such as 40 and 41 give atactic polystyrene. In 
preliminary tests for 1-hexene polymerisation activity of [OSNO]-titanium complexes, only 
trace activity was observed.40 
 
Table 5.1. Styrene polymerisation activity of complexes 36-43. 
Precatalyst Yield (mg) Activity
[a] 
Mn × 10
-4 [b] 
Mw / Mn
[b] 
Tacticity
[c] 
36
[d] 440 50 6.88 1.8 isotactic 
37
[d] 480 55 9.97 1.9 isotactic 
40
[d] 60 6.9 1.81 18 atactic 
40
[e] 110 6.3 1.35 21 atactic 
41a
[d] 46 5.3 1.43 23 atactic 
42b
[d] 68 7.8 2.05 15 atactic 
42b
[e] 68 3.9 1.00 4.9 atactic 
43b
[d] 70 8.0 1.63 18 atactic 
43a + 43b
[d] 67 7.8 1.20 23 atactic 
[a] kg (polymer) (mol catalyst)-1 [styrene mol L-1]-1 h-1. [b] Determined by GPC. [c] Determined by 13C 
NMR spectroscopy. [d] Polymerisation conditions: 1.25 µmol Ti complex, [Al]/[Ti] = 1500, [styrene] = 
3.5 mol L-1 (5 mL), toluene (7.5 mL), T = 40 °C, t = 2h. [e] Polymerisation conditions: 2.5 µmol Ti 
complex, [Al]/[Ti] = 1500, [styrene] = 3.5 mol L-1 (10 mL), toluene (15 mL), T = 50 °C; t = 2h.  
 
5.3 Conclusions 
 
 A new family of cyclohexyl-bridged [OSNO]-type bis(phenols) has been synthesised. 
Complexation of these asymmetric ligands to a [TiX2] fragment (X = Cl, O
iPr) proceeds 
diastereoselectively for ligands where the nitrogen donor is directly attached to the arene. The 
coordination geometry of the ligand around the metal centre is then determined by the 
nitrogen substituent and by the spectator ligand. For the half-salen and -salan ligands, the 
extra carbon spacer causes a loss of diastereoselectivity upon coordination to the metal centre 
to give both cis-α and cis-β isomers. For the latter ligand, it was demonstrated that HCl 
catalyses the isomerisation toward the thermodynamically more stable cis-β isomer. In 
polymerisation catalysis, rather than combining the best properties of [ONNO] and [OSSO] 
catalyst families, poor 1-hexene polymerisation activity and loss of isotacticity for styrene 
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polymerisation were observed. It remains to be explored how the structure of the active 
species is related to this observation, because fairly little is known about the ligand dynamics 
of the alkyl cation.26,28 
 
5.4 Experimental Section 
 
General considerations 
 
 For general remarks and details on analytical equipment, see Appendix A.1. 
Mercaptophenols,41 aminophenols,42 and 7-azabicyclo[4.1.0]heptane43 were prepared 
according to literature procedures.  
 
Syntheses 
 
 Synthesis of [2-tBu-6-(trans-2-HOC6H10NH)-4-MeC6H2OH] (25). A mixture of 2-
amino-6-tert-butyl-4-methylphenol (2.82 g, 15.7 mmol) and cyclohexene oxide (1.74 mL, 
17.2 mmol) was heated at 120 °C for 3 h. Upon cooling, the reaction mixture became a glass-
like material. After addition of hexane, initially all material dissolved, but after standing at 
room temperature, a solid precipitated. The solid was collected and washed with cooled 
hexane under argon atmosphere to give 2.65 g (61%) of a colourless solid. A second crop of 
1.65 g could be obtained from the mother liquor.  
 1H NMR: δ = 0.95-1.45 (m, 4H, C6H10 CH, overlap with C(CH3)3), 1.40 (s, 9H, C(CH3)3), 
1.60-1.80 (m, 2H, C6H10 CH), 2.03 (br s, 2H, C6H10 CH), 2.24 (br s, 3H, CH3), 2.77 (br s, 1H, 
CHO), 3.45 (br s, 1H, CHN), 6.66 (br s, 1H, C6H2 CH), 6.76 (br s, 1H, C6H2 CH);  
 13C{1H} NMR: δ = 21.01 (CH3), 24.45 (C(CH3)3), 29.66 (C6H10 CH2), 31.21 (C6H10 CH2), 
34.29 (C(CH3)3), 63.14 (CHO), 74.72 (CHN), 120.03 (C6H2 CH), 121.96 (C6H2 CH), 128.21 
(C6H2), 134.27 (C6H2), 135.80 (C6H2), 146.49 (C6H2).  
 Anal. calcd (%) for C17H27NO (261.41): C, 73.61; H, 9.81; N, 5.05. Found: C, 73.64; H, 
10.08; N, 5.03. 
 
 Synthesis of [6-
t
Bu-8-Me-2,3,4,4a,10,10a-hexahydro-1H-phenoxazine] (27). To a 
solution of 25 (2.6 g, 9.39 mmol) in 40 mL of Et2O was added 0.61 mL (9.39 mmol) of 
CH3SO3H, after which the mixture was stirred for 30 min at room temperature. After 
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dropwise addition of 0.63 mL (9.48 mmol) of ClSO3H, the reaction mixture was stirred for  
10 h at room temperature. A large amount of colourless precipitate had formed during the 
reaction. The solvent was removed under reduced pressure and 30 mL of 20% NaOH solution 
was added. The mixture was refluxed for 10 h, quenched with saturated NaHCO3 solution and 
the product was extracted with Et2O. The combined organic layers were dried over MgSO4 
and the solvent was removed to give 1.85 g (76%) of a green solid. 
 1H NMR: δ = 1.06-1.35 (m, 3H, C6H10 CH), 1.39 (s, 9H, C(CH3)3), 1.67 (m, 2H, C6H10 
CH), 1.73-1.82 (m, 2H, C6H10 CH), 1.98 (m, 1H, C6H10 CH), 2.26 (s, 3H, CH3), 2.31 (m, 1H, 
C6H10 CH), 2.98 (m, 1H, CHO), 3.91 (m, 1H, CHN), 6.80 (s, 1 H, C6H2 CH), 6.86 (s, 1H, 
C6H2 CH); 
 13C{1H} NMR: δ = 21.00 (CH3), 24.02 (C6H10 CH2), 25.91 (C6H10 CH2), 29.45 (C(CH3)3), 
31.41 (C6H10 CH2), 34.49 (C(CH3)3), 36.09 (C6H10 CH2), 63.79 (CHO), 65.53 (CHN), 122.82 
(C6H2 CH), 123.99 (C6H2 CH), 127.60 (C6H2), 131.43 (C6H2), 135.07 (C6H2), 149.31 (C6H2). 
 Anal. calcd (%) for C17H25NO (259.39): C, 78.72; H, 9.71; N, 5.40. Found: C, 77.32; H, 
8.61; N, 5.20. 
 
 Synthesis of [2,2’-(HOC6H2-6-
t
Bu-4-Me)2-trans-1,2-SC6H10N(H)] (29). A mixture of 
1.85 g (7.1 mmol) 27, 1.4 g (7.1 mmol) 2-tert-butyl-6-mercapto-4-methyl-phenol and 290 mg 
(7.1 mmol) NaOH in 30 mL ethanol was refluxed for 5 h. After cooling down to room 
temperature, the resulting green solution was dried in vacuo. The residue was quenched with a 
saturated NH4Cl solution and extracted with Et2O. The organic layers were combined and 
dried over MgSO4. The solvent was then removed under reduced pressure to give the crude 
product, which was recrystallised from n-hexane to give 2.0 g (62%) of a colourless solid. 
 1H NMR: δ = 1.05-1.55 (m, 4H, C6H10 CH, overlap with C(CH3)3 signals), 1.39 (s, 9H, 
C(CH3)3), 1.42 (s, 9H, C(CH3)3), 1.67 (m, 2H, C6H10 CH), 2.13 (m, 2H, C6H10 CH), 2.26 (s, 
6H, CH3), 2.68 (m, 1H, CHS), 2.83 (m, 1H, C6H10 CHN), 6.68 (s, 1H, C6H2 CH), 6.83 (s, 1H, 
C6H2 CH), 7.11 (d, 
4
JHH = 2 Hz , 1H, C6H2 CH), 7.20 (d, 
4
JHH = 2 Hz, 1H, C6H2 CH); 
 13C{1H} NMR: δ = 20.61 (CH3), 21.06 (CH3), 24.37 (C6H10 CH2), 26.21 (C6H10 CH2), 
29.44 (C(CH3)3), 29.66 (C(CH3)3), 32.75 (C6H10 CH2), 33.63 (C6H10 CH2), 34.54 (C(CH3)3), 
34.93 (C(CH3)3), 55.67 (CHS), 59.44 (CHN), 116.82 (C6H2), 121.09 (C6H2 CH), 122.75 
(C6H2 CH), 128.06 (C6H2), 128.34 (C6H2), 129.83 (C6H2 CH), 132.70 (C6H2), 134.88 (C6H2 
CH), 135.97 (C6H2), 147.31 (C6H2), 154.14 (C6H2). 
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 HRMS: m/z calcd for C28H41NO2S: 455.2858. Found: 455.2853; m.p.: 115.2-115.8 °C. 
Anal. calcd (%) for C28H41NO2S (455.29): C, 73.80; H, 9.07; N, 3.07. Found: C, 74.17; H, 
9.30; N, 3.10. 
 
 Synthesis of [2,2’-(HOC6H2-4,6-
t
Bu2)2-trans-1,2-SC6H10N(H)] (30). This compound 
was prepared in three steps in the same manner as 29. 
 1H NMR: δ = 1.10-1.55 (m, 4H, C6H10 CH, overlap with C(CH3)3 signals), 1.30 (s, 9H, 
C(CH3)3), 1.31 (s, 9H, C(CH3)3), 1.42 (s, 9H, C(CH3)3), 1.44 (s, 9H, C(CH3)3), 1.70 (m, 2H, 
C6H10 CH), 2.18 (m, 2H, C6H10 CH), 2.68 (m, 1H, CHS), 2.81 (m, 1H, C6H10 CHN), 6.90 (d, 
4
JHH = 2 Hz, 1H, C6H2 CH), 7.10 (d, 
4
JHH = 2 Hz, 1H, C6H2 CH), 7.35 (d, 
4
JHH = 2.5 Hz , 1H, 
C6H2 CH), 7.40 (d, 
4
JHH = 2.5 Hz, 1H, C6H2 CH); 
 13C{1H} NMR: δ = 24.55 (C6H10 CH2), 26.20 (C6H10 CH2), 29.53 (C(CH3)3), 29.71 
(C(CH3)3), 31.57 (C(CH3)3), 31.69 (C(CH3)3), 33.07 (C6H10 CH2), 33.91 (C6H10 CH2), 34.25 
(C(CH3)3), 34.31 (C(CH3)3), 34.93 (C(CH3)3), 35.26 (C(CH3)3), 56.11 (CHS), 60.44 (CHN), 
117.07 (C6H2), 118.44 (C6H2 CH), 119.65 (C6H2 CH), 126.16 (C6H2 CH), 131.34 (C6H2 CH), 
131.84 (C6H2), 135.44 (C6H2), 141.36 (C6H2), 141.76 (C6H2), 147.48 (C6H2), 153.88 (C6H2). 
 HRMS: m/z calcd for C34H53NO2S: 539.3797. Found: 539.3795; m.p.: 161-163 °C. Anal. 
calcd (%) for C34H53NO2S (539.38): C, 75.64; H, 9.90; N, 2.59. Found: C, 75.88; H, 9.99; N, 
2.51. 
 
 Synthesis of [2,2’-(HOC6H2-6-
t
Bu-4-Me)2-trans-1,2-SC6H10N(Me)] (31). Bis(phenol) 
29 (4.55 g, 10.0 mmol) was dissolved in 30 mL HCO2H (some Et2O or CH2Cl2 was added to 
keep the mixture clear solution) and an excess of solid NaBH4 was added. The reaction was 
stirred at room temperature for 12 h and monitored by TLC. After the reaction was complete, 
water was added to the reaction mixture, the product was extracted with Et2O, and the 
combined organic phase was dried over MgSO4. The solvent was removed under reduced 
pressure to give the crude product, which was recrystallised from Et2O/MeOH to give 4.32 g 
(92%) of a colourless solid.  
 1H NMR: δ = 1.25-1.55 (m, 2H, C6H10 CH, overlap with C(CH3)3 signals), 1.39 (s, 9H, 
C(CH3)3), 1.45 (s, 9H, C(CH3)3), 1.63 (m, 1H, C6H10 CH), 1.73 (m, 1H, C6H10 CH), 1.95 (m, 
1H, C6H10 CH), 2.03 (m, 1H, C6H10 CH), 2.23 (s, 3H, CH3), 2.28 (s, 3H, CH3), 2.64 (m, 1H, 
CHS, partial overlap with NCH3), 2.67 (s, 3H, NCH3), 2.97 (m, 1H, CHN), 6.86 (s, 1H, C6H2 
CH), 6.93 (s, 1H, C6H2 CH), 7.08 (s, 1H, C6H2 CH), 7.21 (s, 1H, C6H2 CH); 
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 13C{1H} NMR: δ = 20.63 (CH3), 21.15 (CH3), 24.90 (C6H10 CH2), 25.47 (C6H10 CH2), 
26.08 (C6H10 CH2), 29.38 (C(CH3)3), 29.53 (C(CH3)3), 33.34 (C6H10 CH2), 34.78 (C(CH3)3), 
34.87 (NCH3), 52.35 (CHS), 66.17 (CHN), 117.25 (C6H2), 122.61 (C6H2), 124.17 (C6H2), 
126.75 (C6H2), 128.41 (C6H2 CH), 129.59 (C6H2 CH), 134.67 (C6H2 CH), 135.50 (C6H2), 
135.67 (C6H2 CH), 137.71 (C6H2), 148.82 (C6H2), 154.00 (C6H2). 
 HRMS: m/z calcd for C29H43NO2S: 469.3015. Found: 469.3013; m.p.: 140.6-141.4 °C. 
Anal. calcd (%) for C29H43NO2S (469.30): C, 74.15; H, 9.23; N, 2.98. Found: C, 74.27; H, 
9.63; N, 3.02.  
 
 Synthesis of [2,2’-(HOC6H2-4,6-
t
Bu2)2-trans-1,2-SC6H10N(Me)] (32). This compound 
was prepared in the same manner as 31, starting from 1.08 g (1.95 mmol) of 30 in 15 mL 
HCO2H to give 0.86 g (78%) of a colourless solid. 
 1H NMR: δ = 1.15 (m, 2H, C6H10 CH), 1.25-1.55 (m, 2H, C6H10 CH, overlap with 
C(CH3)3 signals), 1.28 (s, 9H, C(CH3)3), 1.31 (s, 9H, C(CH3)3), 1.41 (s, 9H, C(CH3)3), 1.46 (s, 
9H, C(CH3)3), 1.65 (m, 1H, C6H10 CH), 1.75 (m, 1H, C6H10 CH), 1.98 (m, 2H, C6H10 CH), 
2.62-2.75 (m, 1H, CHS, overlap with NCH3), 2.70 (s, 3H, NCH3), 2.98 (m, 1H, CHN), 7.06 
(d, 4JHH = 2 Hz, 1H, C6H2 CH), 7.16 (d, 
4
JHH = 2 Hz, 1H, C6H2 CH), 7.32 (d, 
4
JHH = 2.5 Hz, 
1H, C6H2 CH), 7.38 (d, 
4
JHH = 2.5 Hz, 1H, C6H2 CH); 
 13C{1H} NMR: δ = 24.95 (C6H10 CH2), 25.54 (C6H10 CH2), 26.11 (C6H10 CH2), 29.46 
(C(CH3)3), 29.65 (C(CH3)3), 31.55 (C(CH3)3), 31.71 (C(CH3)3), 33.63 (C6H10 CH2), 34.25 
(C(CH3)3), 34.41 (C(CH3)3), 35.12 (C(CH3)3), 35.19 (NCH3), 52.20 (CHS), 66.38 (CHN), 
117.07 (C6H2), 118.74 (C6H2), 120.50 (C6H2), 125.91 (C6H2 CH), 131.46 (C6H2 CH), 134.90 
(C6H2), 135.15 (C6H2 CH), 137.07 (C6H2), 140.28 (C6H2), 141.85 (C6H2 CH), 148.63 (C6H2), 
153.80 (C6H2). 
 HRMS: m/z calcd for C35H55NO2S: 553.3954. Found: 553.3955; m.p.: 144.1-144.9 °C. 
Anal. calcd (%) for C35H55NO2S (553.40): C, 75.90; H, 10.01; N, 2.53. Found: C, 76.10; H, 
9.64; N, 2.45. 
 
 Synthesis of [2-(trans-2-H2NC6H10S)-4,6-
t
BuC6H2OH] (33). A mixture of 2,4-di-tert-
butyl-6-mercaptophenol (23.8 g, 100 mmol) and 7-azabicyclo[4.1.0]heptane (9.7 g, 100 
mmol) in 50 mL MeOH was refluxed for 5 h. The solvent was removed under reduced 
pressure to give a viscous residue, which was recrystallised from n-hexane to give 29.5 g 
(88%) of a colourless solid. 
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 1H NMR: δ = 1.12-1.26 (m, 3H, C6H10 CH), 1.29 (s, 9H, C(CH3)3), 1.37-1.46 (m, 1H, 
C6H10 CH, overlap with C(CH3)3), 1.42 (s, 9H, C(CH3)3), 1.68 (m, 2H, C6H10 CH), 1.98 (m, 
1H, C6H10 CH), 2.14 (m, 1H. C6H10 CH), 2.31-2.45 (m, 2H, C6H10 CHX), 7.33 (m, 2H, C6H2 
CH); 
 13C{1H} NMR: δ = 25.10 (C6H10 CH2), 26.48 (C6H10 CH2), 29.55 (C(CH3)3), 31.56 
(C(CH3)3), 34.12 (C(CH3)3), 34.16 (C6H10 CH2), 35.25 (C(CH3)3), 37.63 (C6H10 CH2), 53.90 
(CHS), 56.98 (CHN), 117.00 (C6H2), 125.73 (C6H2 CH), 132.36 (C6H2 CH), 136.00 (C6H2), 
140.92 (C6H2), 155.51 (C6H2). 
  Anal. calcd (%) for C20H33NOS (335.55): C, 71.59; H, 9.91; N, 4.17. Found: C, 71.51; H, 
9.76; N, 4.10. 
 
 Synthesis of [2,2’-(HOC6H2-4,6-
t
Bu2)2-trans-1,2-SC6H10N=CH] (34). A mixture of 
amine 33 (11.36 g, 33.9 mmol) and 3,5-di-tert-butyl-2-hydroxybenzaldehyde (8.0 g, 33.9 
mmol) in 80 mL MeOH was refluxed for 5 h. A yellow solid formed during the reaction. The 
mixture was subsequently cooled down to room temperature and 8.2 g (15.8 mmol, 47%) of a 
yellow solid was collected. 
 1H NMR: δ = 1.20-1.55 (m, 3H, C6H10 CH, overlap with C(CH3)3 signals), 1.27 (s, 9H, 
C(CH3)3), 1.32 (s, 9H, C(CH3)3), 1.36 (s, 9H, C(CH3)3), 1.46 (s, 9H, C(CH3)3), 1.62 (m, 1H, 
C6H10 CH), 1.76 (m, 2H, C6H10 CH), 1.86 (m, 1H, C6H10 CH), 2.13 (m, 1H, C6H10 CH), 2.95 
(m, 1H, CHS), 3.07 (m, 1H, C6H10 CHN), 7.14 (d, 
4
JHH = 2.5 Hz, 1H, C6H2 CH), 7.27 (m, 2H, 
C6H2 CH), 7.41 (d, 
4
JHH = 2.5 Hz, 1H, C6H2 CH), 8.40 (s, 1H, HC=N); 
 13C NMR: δ = 24.18 (C6H10 CH2), 25.78 (C6H10 CH2), 29.39 (C(CH3)3), 29.50 (C(CH3)3), 
31.49 (C(CH3)3), 31.53 (C(CH3)3), 32.77 (C6H10 CH2), 34.14 (C(CH3)3), 34.21 (C(CH3)3), 
35.06 (C(CH3)3), 35.15 (C(CH3)3), 35.26 (C6H10 CH2), 53.93 (CHS), 71.43 (C6H10 CHN), 
116.58 (C6H2), 117.77 (C6H2), 125.84 (C6H2 CH), 126.09 (C6H2 CH), 127.23 (C6H2 CH), 
131.30 (C6H2 CH), 134.93 (C6H2), 136.83 (C6H2), 140.15 (C6H2), 141.55 (C6H2), 153.51 
(C6H2), 158.11 (C6H2), 165.76 (N=C). 
 HRMS: m/z calcd. for C35H53NO2S: 551.3797. Found: 551.3799; m.p.: 133.4-133.9 °C. 
Anal. calcd (%) for C35H53NO2S (551.38): C, 76.19; H, 9.68; N, 2.54. Found: C, 76.27; H, 
9.24; N, 2.47. 
 
 Synthesis of [2,2’-(HOC6H2-4,6-
t
Bu2)2-trans-1,2-SC6H10NCH2] (35). A solution of 34 
(2.2 g, 4.0 mmol) was dissolved in a mixture of Et2O and MeOH. Solid NaBH4 (760 mg, 20 
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mmol) was added slowly in small portions. The colour of the reaction mixture changed from 
yellow to colourless after stirring the reaction mixture overnight at room temperature. Water 
was added (30 mL) and a solid precipitated, which was collected, washed with cold MeOH, 
and dried in vacuo to give 2.1 g (95%) of a colourless solid. 
 1H NMR: δ = 1.21-1.47 (m, 4H, C6H10 CH, overlap with C(CH3)3 signals), 1.30 (s, 9H, 
C(CH3)3) 1.31 (s, 9H, C(CH3)3), 1.40 (s, 9H, C(CH3)3), 1.44 (s, 9H, C(CH3)3), 1.72 (m, 2H, 
C6H10 CH), 2.07 (m, 1H, C6H10 CH,), 2.30 (m, 1H, C6H10 CH), 2.49 (m, 1H, CHS), 2.72 (m, 
1H, C6H10 CHN), 3.89 (d, 
1
JHH = 12.8 Hz, 1H, NCH2), 4.12 (d, 
1
JHH = 12.8 Hz, 1H, NCH2), 
6.95 (d, 4JHH = 2 Hz, 1H, C6H2 CH), 7.27 (m, 2H, C6H2 CH), 7.33 (d, 
4
JHH = 2 Hz, 1H, C6H2 
CH); 
 13C NMR: δ = 24.35 (C6H10 CH2), 25.96 (C6H10 CH2), 29.43 (C(CH3)3), 29.70 (C(CH3)3), 
31.57 (C(CH3)3), 31.69 (C(CH3)3), 33.23 (C6H10 CH2), 34.18 (C(CH3)3), 34.26 (C(CH3)3), 
34.95 (C(CH3)3), 35.19 (C(CH3)3), 50.31 (NCH2), 54.04 (CHS), 59.43 (C6H10 CHN), 115.72 
(C6H2), 122.57 (C6H2), 123.25 (C6H2 CH), 126.15 (C6H2 CH), 131.34 (C6H2 CH), 135.32 
(C6H2), 136.39 (C6H2), 140.80 (C6H2), 141.96 (C6H2), 153.90 (C6H2), 154.30 (C6H2). 
 HRMS: m/z calcd for C35H55NO2S: 553.3954. Found: 553.3962; m.p.: 135-137 °C. Anal. 
calcd (%) for C35H55NO2S (553.40): C, 75.90; H, 10.01, N, 2.53. Found: C, 76.18, H, 10.03, 
N, 2.55. 
 
 Synthesis of [Ti{2,2’-(OC6H2-6-
t
Bu-4-Me)2-trans-1,2-SC6H10N(H)}Cl2] (36). A solution 
of 29 (455 mg, 1.0 mmol) in 10 mL of toluene was cooled to -30 °C, after which 110 µL (190 
mg, 1.0 mmol) of neat titanium tetrachloride was added dropwise. The reaction mixture was 
allowed to warm up to room temperature and was stirred for 2 h. The solvent was removed 
under reduced pressure, after which the residue was washed twice with pentane (5 mL) and 
dried in vacuo to give 530 mg (93%) of a red powder. 
 1H NMR: δ = 0.91 (s, 9H, C(CH3)3), 1.24-1.35 (m, 1H, C6H10 CH), 1.40 (s, 9H, C(CH3)3), 
1.43-1.57 (m, 2H, C6H10 CH), 1.69 (m, 1H, C6H10 CH), 1.85 (m, 1H C6H10 CH), 1.93 (m, 1H, 
C6H10 CH), 2.19 (s, 3H, CH3), 2.28 (s, 3H, CH3), 2.38 (m, 1H, C6H10 CH), 2.75 (m, 1H, C6H10 
CH), 2.89 (m, 1H, CHS), 4.00 (m, 1H, C6H10 CHN), 5.22 (d, 
3
JHH = 10.8 Hz, 1H, NH), 6.60 
(s, 1H, C6H2 CH), 6.87 (s, 1H, C6H2 CH), 7.00 (d, 
4
JHH = 2 Hz, 1H, C6H2 CH), 7.04 (d, 
4
JHH = 
2 Hz, 1H, C6H2 CH); 
 13C{1H} NMR: δ = 20.92 (CH3), 21.37 (CH3), 24.25 (C6H10 CH2), 25.97 (C6H10 CH2), 
28.79 (C(CH3)3), 29.63 (C(CH3)3), 32.44 (C6H10 CH2), 34.71 (C(CH3)3), 34.86 (C(CH3)3), 
Chapter 5 
 96 
36.53 (C6H10 CH2), 59.69 (CHS), 61.1 (CHN), 117.3 (C6H2 CH), 118.25 (C6H2), 125.21 (C6H2 
CH), 130.69 (C6H2 CH), 131.90 (C6H2), 132.44 (C6H2), 132.52 (C6H2 CH), 134.95 (C6H2), 
136.30 (C6H2), 137.52 (C6H2), 157.30 (C6H2, 166.12 (C6H2). 
 Anal. calcd (%) for C28H39Cl2NO2STi ⋅ 0.25 C7H8 (595.51): C, 60.00; H, 6.94; N, 2.35. 
Found: C, 59.86; H, 7.33; N, 2.31. 
 
 Synthesis of [Ti{2,2’-(OC6H2-4,6-
t
Bu2)2-trans-1,2-SC6H10N(H)}Cl2] (37). A solution of 
30 (1.08 g, 2.0 mmol) in 10 mL of toluene was cooled to -30 °C and 220 µL (380 mg, 2.0 
mmol) of neat titanium tetrachloride was added dropwise. The reaction mixture was allowed 
to warm up to room temperature and was stirred for 5 h. The solvent was removed under 
reduced pressure, the residue was washed twice with pentane (10 mL), and dried in vacuo to 
give 1.25 g (95%) of a red powder. Crystals suitable for X-ray analysis were obtained by slow 
evaporation of a toluene solution at room temperature. 
 1H NMR: δ = 0.91 (s, 9H, C(CH3)3), 1.21 (s, 9H, C(CH3)3), 1.25-1.35 (m, 1H, C6H10 CH, 
overlap with C(CH3)3), 1.29 (s, 9H, C(CH3)3), 1.42 (s, 9H, C(CH3)3), 1.45-1.68 (m, 3H, C6H10 
CH), 1.84-1.95 (m, 2H, C6H10 CH), 2.38 (m, 1H, C6H10 CH), 2.77 (m, 1H, C6H10 CH) , 2.88 
(m, 1H, CHS), 3.98 (m, 1H, C6H10 CHN), 5.24 (d, 
3
JHH = 10.8 Hz, 1H, NH), 6.85 (m, 1H, 
C6H2 CH), 7.15 (m, 1H, C6H2 CH, overlapping), 7.16 (m, 
4
JHH = 2.3 Hz, 1H, C6H2 CH), 7.27 
(m, 4JHH = 2.3 Hz, 1H, C6H2 CH); 
 13C{1H} NMR: δ: = 24.24 (C6H10 CH2), 26.04 (C6H10 CH2), 28.87 (C(CH3)3), 29.67 
(C(CH3)3), 31.46 (C(CH3)3), 31.53 (C(CH3)3), 32.39 (C6H10 CH2), 34.59 (C(CH3)3), 34.73 
(C(CH3)3), 35.00 (C(CH3)3), 35.10 (C(CH3)3), 36.93 (C6H10 CH2), 59.68 (CHS), 61.40 (CHN), 
113.77 (C6H2 CH), 117.81 (C6H2), 121.7 (C6H2 CH), 126.96 (C6H2 CH), 129.28 (C6H2 CH), 
134.51 (C6H2), 135.61 (C6H2), 137.26 (C6H2), 145.27 (C6H2), 145.89 (C6H2), 157.07 (C6H2), 
165.93 (C6H2). 
 Anal. calcd (%) for C34H51Cl2NO2STi (656.63): C, 62.19; H, 7.83; N, 2.13. Found: C, 
62.20; H, 7.84; N, 2.08. 
 
 Synthesis of [Ti{2,2’-(OC6H2-6-
t
Bu-4-Me)2-trans-1,2-SC6H10N(H)}(O
i
Pr)2] (38). A 
solution of 29 (455 mg, 1.0 mmol) in 10 mL of toluene was cooled to -40 °C, after which 300 
µL (287 mg, 1.0 mmol) of neat titanium tetraisopropoxide was added dropwise. The reaction 
mixture was allowed to warm up to room temperature and was stirred for 6 h. The solvent was 
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removed under reduced pressure and the residue was recrystallised from isopropanol at -30 °C 
to give a yellow powder. 
 1H NMR: δ = 0.99 (d, 3JHH = 6 Hz, 3H, CH(CH3)2), 1.07 (d, 
3
JHH = 6 Hz, 3H, CH(CH3)2), 
1.12 (d, 3JHH = 6 Hz, 3H, CH(CH3)2), 1.14 (d, 
3
JHH = 6 Hz, 3H, CH(CH3)2), 1.23-1.38 (m, 2H, 
C6H10 CH), 1.41 (s, 9H, C(CH3)3), 1.42 (s, 9H, C(CH3)3), 1.50-1.68 (m, 3H, C6H10 CH), 1.73 
(m, 1H, C6H10 CH), 1.88-2.01 (m, 2H, C6H10 CH), 2.23 (s, 3H, CH3), 2.24 (s, 3H, CH3), 2.53 
(m, 1H, CHS), 2.89 (m, 1H, C6H10 CHN), 4.28 (d, 
3
JHH = 3.5 Hz, 1H, NH), 4.55 (hep, 
3
JHH = 
6 Hz, 1H, CH(CH3)2), 4.68 (hep, 
3
JHH = 6 Hz, 1H, CH(CH3)2), 6.66 (s, 1H, C6H2 CH), 6.93 
(m, 2H, C6H2 CH), 7.10 (d, 
4
JHH = 2 Hz, 1H, C6H2 CH); 
 13C{1H} NMR: δ = 20.74 (CH3), 21.05 (CH3), 24.41 (C6H10 CH2), 25.14 (C6H10 CH2), 
25.79 (CH(CH3)2), 25.83 (CH(CH3)2), 29.22 (C(CH3)3), 29.31 (C(CH3)3), 31.17 (C6H10 CH2), 
32.75 (C6H10 CH2), 34.66 (C(CH3)3), 34.95 (C(CH3)3), 49.58 (CHS), 61.94 (C6H10 CHN), 
77.63 (CH(CH3)2), 78.5 (CH(CH3)2), 114.51 (C6H2), 123.33 (C6H2), 125.92 (C6H2), 125.99 
(C6H2), 128.22 (C6H2), 129.03 (C6H2), 129.89 (C6H2), 134.01 (C6H2), 135.98 (C6H2), 136.83 
(C6H2), 162.23 (C6H2), 167.80 (C6H2). 
 Anal. calcd (%) for C34H53NO4STi ⋅ C5H12 (691.89): C, 67.70; H, 9.47; N, 2.02. Found: C, 
68.03; H, 9.61; N, 2.27. 
 
 Synthesis of [Ti{2,2’-(OC6H2-6-
t
Bu-4-Me)2-trans-1,2-SC6H10N(Me)}Cl2] (39). A 
solution of 31 (469 mg 1.0 mmol) in 10 mL toluene was cooled to -30 °C, after which 110 µL 
(190 mg, 1.0 mmol) of neat titanium tetrachloride was added dropwise. The reaction mixture 
was allowed to warm up to room temperature and was stirred for 4 h. A large amount of red 
precipitate had formed during the reaction, which was separated by filtration, washed twice 
with toluene (5 mL), and dried in vacuo to give 525 mg (90%) of a red powder. 
 1H NMR: δ = 0.83-0.96 (m, 1H, C6H10 CH), 1.07 (m, 1H, C6H10 CH), 1.23-1.33 (m, 2H, 
C6H10 CH), 1.45 (s, 9H, C(CH3)3), 1.51 (s, 9H, C(CH3)3), 1.64 (m, 1H, C6H10 CH), 1.72 (m, 
1H, C6H10 CH), 2.11 (m, 1H, C6H10 CH), 2.24 (m, 1H, C6H10 CH), 2.29 (s, 3H, CH3), 2.31 (s, 
3H, CH3), 2.77 (m, 2H, C6H10 CHX), 3.21 (s, 3H, NCH3), 6.71 (d, 
4
JHH = 2 Hz, 1H, C6H2 
CH), 7.01 (m, 2H, C6H2 CH), 7.22 (d, 
4
JHH = 2 Hz, 1H, C6H2 CH);  
 13C{1H} NMR: δ = 20.93 (CH3), 21.40 (CH3), 24.04 (C6H10 CH2), 25.38 (C6H10 CH2), 
26.62 (C6H10 CH2), 29.46 (C(CH3)3), 29.69 (C(CH3)3), 31.69 (C6H10 CH2), 34.81 (C(CH3)3), 
35.15 (C(CH3)3), 47.63 (NCH3), 52.91 (CHS), 70.9 (CHN), 117.19 (C6H2), 123.42 (C6H2 
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CH), 127.10 (C6H2 CH), 128.69 (C6H2), 130.32 (C6H2), 131.22 (C6H2 CH), 133.62 (C6H2 
CH), 136.15 (C6H2), 136.69 (C6H2), 136.94 (C6H2), 159.37 (C6H2), 167.45 (C6H2). 
 Anal. calcd (%) for C29H41Cl2NO2STi (586.50): C, 59.39; H, 7.05; N, 2.39. Found: C, 
59.86; H, 7.33; N, 2.31. 
 
 Synthesis of [Ti{2,2’-(OC6H2-4,6-
t
Bu2)2-trans-1,2-SC6H10N(Me)}Cl2] (40). A solution 
of 32 (1.16 g, 2.0 mmol) in 10 mL of toluene was cooled to -30 °C, after which 220 µL of 
neat titanium tetrachloride (380 mg, 2.0 mmol) was added dropwise. The reaction mixture 
was allowed to warm up to room temperature and was stirred for 5 h. The solvent was 
removed under reduced pressure, after which the residue was washed twice with pentane (10 
mL) and dried in vacuo to give 1.30 g (97%) of a red powder. Single crystals suitable for X-
ray diffraction were obtained from dichloromethane solution at -20 °C. 
 1H NMR: δ = 0.83-0.94 (m, 1H, C6H10 CH), 1.06 (m, 1H, C6H10 CH), 1.23-1.45 (m, 2H, 
C6H10 CH, overlap with C(CH3)3 signals), 1.28 (s, 9H, C(CH3)3), 1.30 (s, 9H, C(CH3)3), 1.47 
(s, 9H, C(CH3)3), 1.53 (s, 9H, C(CH3)3), 1.64, (m, 1H, C6H10 CH), 1.72 (m, 1H, C6H10 CH), 
2.12 (m, 1H, C6H10 CH), 2.27 (m, 1H, C6H10 CH), 2.77 (m, 2H, C6H10 CHX), 3.23 (s, 3H, 
NCH3), 6.88 (d, 
4
JHH = 2.3 Hz, 1H, C6H2 CH), 7.17 (d, 
4
JHH = 2.3 Hz, 1H, C6H2 CH), 7.23 (d, 
4
JHH = 2.3 Hz, 1H, C6H2 CH), 7.45 (d, 
4
JHH = 2.3 Hz, 1H, C6H2 CH); 
 13C NMR: δ = 24.21 (C6H10 CH2), 25.51 (C6H10 CH2), 26.68 (C6H10 CH2), 29.51 
(C(CH3)3), 29.72 (C(CH3)3), 31.49 (C(CH3)3), 31.60 (C(CH3)3), 31.63 (C6H10 CH2), 34.49 
(C(CH3)3), 34.55 (C(CH3)3), 35.07 (C(CH3)3), 35.43 (C(CH3)3), 47.56 (NCH3), 52.82 (CHS), 
70.85 (CHN), 116.95 (C6H2), 119.86 (C6H2 CH), 123.18 (C6H2 CH), 127.40 (C6H2 CH), 
130.31 (C6H2 CH), 135.32 (C6H2), 136.28 (C6H2), 136.47 (C6H2), 142.04 (C6H2), 143.60 
(C6H2), 159.07 (C6H2), 167.16 (C6H2). 
 Anal. calcd (%) for C35H53Cl2NO2STi ⋅ HCl (707.12): C, 59.45; H, 7.70; N, 1.98. Found: 
C, 59.31; H, 7.81; N, 1.90. 
 
 Synthesis of [Ti{2,2’-(OC6H2-6-
t
Bu-4-Me)2-trans-1,2-SC6H10N(Me)}(O
i
Pr)2] (41). A 
solution of 31 (469 mg, 1.0 mmol) in 10 mL of toluene was cooled to -40 °C, after which 300 
µL of neat titanium tetraisopropoxide (287 mg, 1.0 mmol) was added dropwise. The reaction 
mixture was allowed to warm up to room temperature and was stirred for 6 h. The solvent was 
removed under reduced pressure and the residue was dissolved in 2 mL of dry pentane. Upon 
standing at room temperature for few minutes, a yellow precipitate formed, which was 
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collected, washed twice with cold pentane (5 mL), and dried in vacuo to give a yellow 
product. Single crystals for X-ray diffraction were obtained from toluene solution at -20 °C. 
 1H NMR: δ = 0.82 (d, 3JHH = 6 Hz, 3H, CH(CH3)2), 0.92 (d, 
3
JHH = 6 Hz, 3H, CH(CH3)2), 
0.97-1.06 (m, 1H, C6H10 CH, overlap with CH(CH3)2 signals), 1.02 (d, 
3
JHH = 6 Hz, 3H, 
CH(CH3)2, overlap with C6H10 CH and CH(CH3)2), 1.03 (d, 
3
JHH = 6 Hz, 3H, CH(CH3)2), 
1.23-1.36 (m, 2H, C6H10 CH), 1.42 (s, 9H, C(CH3)3), 1.43 (s, 9H, C(CH3)3), 1.57-1.72 (m, 
3H, C6H10 CH), 2.05 (m, 1H, C6H10 CH), 2.25 (s, 3H, CH3), 2.26 (s, 3H, CH3), 2.38-2.52 (m, 
2H, C6H10 CH), 2.68 (m, 1H, CHN), 2.84 (s, 3H, NCH3), 4.43 (hep, 
3
JHH = 6 Hz, 1H, 
CH(CH3)2), 4.62 (hep, 
3
JHH = 6 Hz, 1H, CH(CH3)2), 6.73 (d, 
4
JHH = 2.0 Hz, 1H, C6H2 CH), 
6.88 (d, 4JHH = 2.0 Hz, 1H, C6H2 CH), 7.08 (d, 
4
JHH = 2.3 Hz, 1H, C6H2 CH), 7.13 (d, 
4
JHH = 
2.3 Hz, 1H, C6H2 CH); 
 13C{1H} NMR: δ = 20.67 (CH3), 21.29 (CH3), 24.49 (C6H10 CH2), 24.71 (C6H10 CH2), 
25.27 (CH(CH3)2), 25.41 (CH(CH3)2), 25.73 (CH(CH3)2) 25.75 (CH(CH3)2), 26.04 (C6H10 
CH2), 29.31 (C(CH3)3), 29.50 (C(CH3)3), 34.56 (NCH3), 34.75 (C(CH3)3), 35.06 (C(CH3)3), 
35.56 (C6H10 CH2), 59.23 (CHS), 70.19 (CHN), 78.03 (CH(CH3)2), 79.05 (CH(CH3)2), 118.19 
(C6H2 CH), 123.53 (C6H2), 123.68 (C6H2), 124.43 (C6H2 CH), 125.02 (C6H2), 129.36 (C6H2 
CH), 130.99 (C6H2 CH), 134.96 (C6H2), 136.44 (C6H2), 142.08 (C6H2), 157.99 (C6H2), 164.77 
(C6H2). 
 Anal. calcd (%) for C35H55NO4STi (633.77): C, 66.33; H, 8.75; N, 2.21. Found: C, 65.88; 
H, 8.74; N, 2.14. 
 
 Synthesis of [Ti{2,2’-(OC6H2-4,6-
t
Bu2)2-trans-1,2-SC6H10N=CH}Cl2] (42a and 42b). A 
solution of 34 (551 mg 1.0 mmol) in 10 mL of toluene was cooled to -30 °C, after which 110 
µL (190 mg, 1.0 mmol) of neat titanium tetrachloride was added dropwise. The reaction 
mixture was allowed to warm up to room temperature and was stirred for 6 h. The solvent was 
removed under reduced pressure, the residue was washed twice with pentane (5 mL), and 
dried in vacuo to give 636 mg (95%) of a red powder (a mixture of two isomers in a ratio of  
3 : 5). Multiple recrystallisations from a toluene/pentane mixture gave single crystals of 42b 
suitable for X-ray analysis. 
 1H NMR (major isomer 42b): δ = 1.17 (m, 1H, C6H10 CH), 1.23-1.52 (m, 2H, C6H10 CH, 
overlap with C(CH3)3 signals), 1.28 (s, 9H, C(CH3)3), 1.31 (s, 9H, C(CH3)3), 1.33 (s, 9H, 
C(CH3)3), 1.55 (s, 9H, C(CH3)3), 1.63 (m, 1H, C6H10 CH), 1.92 (m, 2H, C6H10 CH), 2.41 (m, 
2H, C6H10 CH), 3.31 (m, 1H, CHS), 3.47 (m, 1H, C6H10 CHN), 7.21 (d, 
4
JHH = 2.3 Hz, 1H, 
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C6H2 CH), 7.35 (d, 
4
JHH = 2.3 Hz, 1H, C6H2 CH), 7.36 (d, 
4
JHH = 2.3 Hz, 1H, C6H2 CH), 7.65 
(d, 4JHH = 2.3 Hz, 1H, C6H2 CH), 8.32 (d, 
3
JHH = 2 Hz, 1H, CH=N); 
 13C NMR: δ = 23.75 (C6H10 CH2), 25.89 (C6H10 CH2), 29.47 (C(CH3)3), 29.58 (C(CH3)3), 
31.1 (C6H10 CH), 31.37 (C(CH3)3), 31.40 (C6H10 CH), 31.50 (C(CH3)3), 34.59 (C(CH3)3), 
34.63 (C(CH3)3), 35.20 (C(CH3)3), 35.28 (C(CH3)3), 54.92 (CHS), 67.84 (C(CH3)3 CHN), 
117.41 (C6H2), 125.07 (C6H2), 126.94 (C6H2 CH), 129.22 (C6H2 CH), 130.20 (C6H2 CH), 
130.88 (C6H2 CH), 135.94 (C6H2), 136.59 (C6H2), 145.08 (C6H2), 145.30 (C6H2), 158.65 
(C6H2), 161.00 (C=N), 166.56 (C6H2). 
 Anal. calcd (%) for C35H51Cl2NO2STi (668.64): C, 62.87; H, 7.69; N, 2.09. Found: C, 
62.69; H, 8.11; N, 2.00. 
 
 Synthesis of [Ti{2,2’-(OC6H2-4,6-
t
Bu2)2-trans-1,2-SC6H10NHCH2}Cl2] (43a and 43b). 
A solution of 35 (553 mg, 1.0 mmol) in 10 mL of toluene was cooled to -30 °C, after which 
110 µL (190 mg, 1.0 mmol) of neat titanium tetrachloride was added dropwise. The reaction 
mixture was allowed to warm up to room temperature and was stirred for 6 h. The solvent was 
removed under reduced pressure, the residue was washed twice with pentane (5 mL), and 
dried in vacuo to give 610 mg (91%) of a red powder (a mixture of two isomers in a ratio of 
ca. 1 : 1). Separation of 43a and 43b was possible by crystal picking after recrystallisation 
from toluene at room temperature. Single crystals suitable for X-ray analysis of 43a (red 
plates) and 43b (red blocks) were obtained from the same crop. 
 1H NMR (isomer 43a): δ = 0.81-0.97 (m, 3H, C6H10 CH), 1.25 (s, 9H, C(CH3)3), 1.32 (s, 
9H, C(CH3)3), 1.49-1.92 (m, 4H, C6H10 CH, overlap with C(CH3)3 signals), 1.50 (s, 9H, 
C(CH3)3), 1.56 (s, 9H, C(CH3)3), 1.97 (m, 1H, C6H10 CH), 2.21 (m, 1H, CHS), 2.74 (m, 1H, 
C6H10 CHN), 3.93 (dd, 
2
JHH = 13.8 Hz, 
3
JHH = 1.3 Hz, 1H, NCH2), 4.03 (m, 1H, NH), 4.60 
(dd, 2JHH = 13.8 Hz, 
3
JHH = 3.5 Hz, 1H, NCH2), 7.01 (d, 
4
JHH = 2.3 Hz, 1H, C6H2 CH), 7.05 
(m, 4JHH = 2.3 Hz, 1H, C6H2 CH), 7.36 (d, 
4
JHH = 2.3 Hz, 1H, C6H2 CH), 7.37 (d, 
4
JHH = 2.3 
Hz, 1H, C6H2 CH); 
 13C{1H} NMR (isomer 43a): δ = 24.24 (C6H10 CH2), 25.57 (C6H10 CH2), 29.52 (C(CH3)3), 
30.22 (C(CH3)3), 30.96 (C6H10 CH2), 31.12 (C6H10 CH2), 31.49 (C(CH3)3), 31.61 (C(CH3)3), 
34.37 (C(CH3)3), 34.62 (C(CH3)3), 35.16 (C(CH3)3), 35.34 (C(CH3)3), 47.53 (NCH2), 54.43 
(CHS), 61.98 (C6H10 CHN), 115.77 (C6H2), 124.23 (C6H2 CH), 125.29 (C6H2), 127.15 (C6H2), 
128.22 (C6H2 CH), 129.03 (C6H2 CH), 129.85 (C6H2 CH), 135.94 (C6H2), 136.9 (C6H2), 
142.83 (C6H2), 145.16 (C6H2), 159.70 (C6H2), 166.66 (C6H2). 
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 1H NMR (isomer 43b): δ = 1.07-1.50 (m, 4H, C6H10 CH, overlap with C(CH3)3 signals), 
1.30 (s, 9H, C(CH3)3), 1.31 (s, 9H, C(CH3)3), 1.36 (s, 9H, C(CH3)3), 1.55 (s, 9H, C(CH3)3), 
1.86 (m, 2H, C(CH3)3 CH), 2.32-2.38 (m, 1H, C6H10 CH), 2.49 (m, 1H, CHS), 2.64 (m, 1H, 
C6H10 CH), 3.27 (m, 1H, NH), 3.51 (m, 1H, C6H10 CHN), 3.84 (d, JHH = 12 Hz, 1H, NCH2), 
4.21 (t, JHH = 12 Hz, 1H, NCH2), 7.00 (d, 
4
JHH = 2.3 Hz, 1H, C6H2 CH), 7.18 (d, 
4
JHH = 2.3 
Hz, 1H, C6H2 CH), 7.35 (d, 
4
JHH = 2.3 Hz, 1H, C6H2 CH), 7.40 (d, 
4
JHH = 2.3 Hz, 1H, C6H2 
CH); 
 13C{1H} NMR (isomer 43b): δ = 24.12 (C6H10 CH2), 26.03 (C6H10 CH2), 29.84 (C(CH3)3), 
30.10 (C(CH3)3), 31.51 (C(CH3)3), 31.56 (C(CH3)3), 31.63 (C6H10 CH2), 32.82 (C6H10 CH2), 
34.62 (C(CH3)3), 34.65 (C(CH3)3), 35.26 (C(CH3)3), 35.34 (C(CH3)3), 51.10 (NCH2), 55.47 
(CHS), 62.90 (C6H10 CHN), 117.72 (C6H2), 123.81 (C6H2 CH), 124.58 (C6H2 CH), 126.35 
(C6H2), 127.09 (C6H2 CH), 130.16 (C6H2 CH), 135.78 (C6H2), 135.91 (C6H2), 145.28 (C6H2), 
145.32 (C6H2), 160.34 (C6H2), 165.65 (C6H2).  
 Anal. calcd (%) for C35H53Cl2NO2STi ⋅ 0.5 C7H8 (716.73): C, 64.52; H, 8.02; N, 1.95. 
Found: C, 64.69; H, 8.27; N, 1.91.  
 
General polymerisation procedure 
 
 To a 100 mL Schlenk flask were added 7.5 mL of toluene, 5 mL of styrene, and 1.25 mL 
of MAO, after which the mixture was stirred at 40 °C for 15 min. before polymerisation was 
initiated by adding 1.25 µmol of catalyst precursor in 0.5 mL toluene. The polymerisation was 
allowed to run for 2 h, after which the run was aborted by addition of 1 mL of isopropanol. 
The mixture was stirred for 10 min. and then poured into acidified methanol (150 mL). The 
obtained polymer was filtered and washed twice with methanol and the residue was dried to 
constant weight at 60 °C under vacuum. 
 
Crystallographic data  
 
 For general remarks and details on X-ray structure analysis, see Appendix A.2. The unit 
cell of 43a contains two crystallographically independent molecules. Compounds 40, 42b, 
43a and 43b contain cocrystallised solvent molecules, which were disordered in 40 and 42b. 
For 40 and 41 the S and N-Me positions are disordered; 41 and 43b show additional disorder 
in one of the arene moieties. Split positions of equal intensity were introduced in all cases 
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except for the arene ring of 41, for which positions were split with 80 : 20 intensity. 
Crystallographic data and data collection parameters are summarised in Table A.5 and Table 
A.6. 
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6. [ONNO]-Type Complexes of Group 4 
Metals: Synthesis, Structure and  
Olefin Polymerisation 
 
 
6.1 Introduction 
  
 In the post-metallocene era, there is a continuing interest in the development of new 
transition metal-based catalysts for α-olefin polymerisation, which is fueled by the search for 
new ligand frameworks that improve understanding of structure-property relationships.1-3 
Rational ligand design based upon this knowledge leads to better control over polymerisation 
parameters such as activity, selectivity, livingness, as well as comonomer incorporation and 
may open access to polymeric materials otherwise unavailable.1,3,4 An emerging class of non-
metallocene catalysts are group 4 metal complexes based on aryloxide ligands functionalised 
with heteroatom donors. Such ligands bind strongly to early transition metals and allow for 
tuning of steric and electronic properties of the resulting precatalysts.1,5-9  
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Figure 6.1 
 
 Linear tetradentate, bridged bis(phenolato) ligands of the type [ODDO] (D = heteroatom 
donor) are of specific interest, as the nature of the link may influence the configuration of the 
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ligand around the metal centre and may thus affect reactivity and selectivity.10 Ligands with 
nitrogen heteroatom donors have enjoyed great popularity because of the good accessibility of 
ligands via Schiff-base condensation.11,12  
 Salen-type [ONNO] ligands commonly coordinate in a planar fashion, which is unsuitable 
for (stereoselective) olefin polymerisation because the incoming monomer and the growing 
polymer chain would then occupy trans positions.13 Furthermore, reactivity of the imine 
moiety may lead to problems, such as slow activation or quick deactivation of the catalyst.14 
In contrast, living isotactic polymerisation of 1-hexene by group 4 complexes bearing reduced 
Schiff-base (salan) ligands (A) has been reported by Kol and coworkers, albeit with modest 
activity (Figure 6.1).15,16  
 Tetradentate bis(phenol) ligands with sulfur donors (B) that do not feature a salan-type 
methylene spacer between the heteroatom donor and the arene ring have been developed by 
Okuda and coworkers. Group 4 metal catalysts with these [OSSO]-type ligands are excellent 
catalysts for the controlled isospecific polymerisation of styrene.17 They show very high 
activity in the non-stereoselective oligomerisation of 1-hexene,18 while copolymerisation of 
these monomers resulted in a remarkable chain-termination by 1-hexene.17e,m In line with 
these observations, an [OSSO]-type ligand containing methylene spacers (C) showed 
improved activity over its salan analogue, but lacked stereocontrol.19 Related group 4 metal 
complexes with [OOOO]- and [OPPO]-type ligands are active in the polymerisation of ethene 
and propene, but their reactivity towards 1-hexene and styrene was not reported.20,21 
 In the investigation of structure-activity trends of these bis(phenol) ligands in catalysis, the 
question arises how the high polymerisation activity of the type B ligands with a short link 
can be combined with the stereoselectivity of the type A salan ligands with a longer link. 
Although [ONNO]-type bis(phenols) derived from ortho-aminophenol were first published in 
the early 1960s, their coordination chemistry remains virtually unexplored.22 Only recently, 
the groups of Wieghardt et al. and Heyduk et al. reported on the redox behaviour of late 
transition metal and zirconium complexes featuring these non-innocent ligands, 
respectively.23,24 Described here are the coordination chemistry of 1,4-diazabutanediyl-
bridged [ONNO]-type bis(phenolato) ligands to group 4 metal centres and their 1-hexene and 
styrene polymerisation properties. 
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6.2 Results and Discussion 
 
6.2.1 Synthesis and characterisation 
 
 The tetradentate bis(phenol) N,N´-bis(3,5-di-tert-butyl-2-hydroxyphenyl)-1,2-
diaminoethane (44) was synthesised in moderate yield by reaction of di-tert-butylcatechol 
with 1,2-diaminoethane.23a Methylation of the amine moieties with NaBH4 in formic acid 
gave the N-methylated bis(phenol) N,N´-dimethyl-N,N´-bis(3,5-di-tert-butyl-2-
hydroxyphenyl)-1,2-diaminoethane (45) in low (28%) yield.25 Alternatively, 45 was 
accessible in good yield (81%) by lithiation of 44 with n-butyllithium, followed by reaction 
with methyl iodide (Scheme 6.1).  
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Scheme 6.2 
 
 Titanium complexes 46 and 47 were prepared by reaction of bis(phenols) 44 and 45 with 
TiCl4 and Ti(O
iPr)4, respectively (Scheme 6.2). 
1H NMR spectroscopy showed that the ligand 
configuration in 46 is fluxional despite the stabilising influence of large ortho-substitutents 
(Figure 6.2).17c Above 0 °C, three broad resonances were observed at 3.23, 4.09, and 5.68 
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ppm that correspond to two resonances for the bridge and one for the NH group respectively. 
At higher temperatures, all resonances sharpen and the resonance pattern points to a C2-
symmetrical species. The presence of two signals for the ethylene bridge precludes a fluxional 
species of average C2-symmetry and suggests that at elevated temperatures the cis-α 
configuration is favoured.26 At -60 °C, all resonances decoalesce to give four pairs of 
resonances due to a C1-symmetrical complex of cis-β configuration. 
 
 
Figure 6.2. Variable temperature 1H NMR spectra of 46 in CDCl3. 
 
 The 1H NMR spectrum of complex 47 shows a configurationally stable C2-symmetrical 
structure. The AA’BB’ spin pattern for the CH2CH2 bridge was observed as AB doublets 
because of the fast δ-λ exchange of the bridge on the NMR timescale. The molecular structure 
of 47 (Figure 6.3) confirms a cis-α ligand geometry. The effect that isopropoxy ligands 
stabilise the bis(phenolato) ligand in the cis-α configuration has also been observed in 1,5-
dithiapentanediyl-bridged [Ti{OSSO}(OiPr)2] complexes
17c and in mixed donor complex 
[Ti{OSNO}(OiPr)2].
27 Interestingly, 2,5-dithiahexanediyl-bridged [Ti{2,2’-(OC6H2-4,6-
tBu2)2CH2SC2H4SCH2}(O
iPr)2] shows fluxional behavior,
19 whereas the closely related 
tetrahydrosalen complex [Ti{2,2’-(OC6H4)2CH2N(Me)C2H4N(Me)CH2}(O
iPr)2] retains cis-α 
configuration despite the lack of bulky ortho-substituents on the arene rings.28 The tight 
bonding to the metal centre (Ti–O = 1.7707(12) Å and 1.7725(13) Å) of the isopropoxy 
ligands in 47 in comparison to the chloro ligands in 48a (Ti–Cl = 2.2654(12) Å and 
2.3375(12) Å), due to sigificant Ti–O π-interaction (Ti–O–C = 160.26(13)° and 164.12(13)°) 
may influence this conformational preference.29 
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Figure 6.3. ORTEP diagram of 47 (∆ isomer) with thermal ellipsoids drawn at the 50% probability 
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (º): Ti–O1 
1.9290(12), Ti–O2 1.9294(12), Ti–O3 1.7707(12), Ti–O2 1.7725(13), Ti–N1 2.3363(14), Ti–N2 
2.3471(14), O1–Ti–O2 152.07(5), O3–Ti–O4 104.93(6), N1–Ti–N2 77.71(5), Ti–O3–C33 160.26(13), 
Ti–O4–C36 164.12(13).  
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 Reaction of 45 with titanium tetrachloride at room temperature gave the dichloro complex 
as a mixture of cis-α isomer 48a and cis-β isomer 48b in a ratio of approximately  
1 : 1.3 (Scheme 6.3). Reaction of the lithium salt of 45 with titanium tetrachloride at -30 °C 
also gave a mixture of 48a and 48b, but proceeded with higher selectivity for 48b (48a : 48b 
= 1 : 8). At elevated temperatures, 48b slowly converted into 48a. After two hours at 70 °C, 
the ratio of 48a and 48b in the mixture changed from 1 : 1.3 to 1 : 0.9 and further heating at 
90 °C for two hours gave pure 48a (Scheme 6.4). Attempts to catalyse this configurational 
change by addition of HCl had no effect on the isomer ratio.27 
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 Reaction of the N-methylated bis(phenol) 45 with zirconium tetrachloride and hafnium 
tetrachloride did not proceed cleanly, but salt metathesis with the dilithium salt of 45 gave the 
dichloro complexes 49 and 50 in good yield (Scheme 6.3). The 1H NMR spectra of 48a, 49, 
and 50 are very similar and feature two aromatic doublets and the typical pseudo-AB doublets 
for the protons of the CH2CH2 bridge. The C2-symmetric structure is configurationally stable 
in solution up to 100 °C, precluding ∆ and Λ enantiomer interconversion. Single-crystal X-ray 
diffraction analyses of the titanium complex 48a and its homologue 50 confirm a cis-α 
configuration in the solid state (Figure 6.4 and Figure 6.5). Whilst 48a and 50 are 
isostructural, slight differences in the octahedral environment reflect the difference in size of 
the metals. The smaller size of the titanium centre and smaller metal-ligand bond distances 
lead to larger bite angles for the [ONNO] ligand (O1–M–O2 = 157.86(13)° (Ti), 152.83(13)° 
(Hf) and N1–M–N2 = 79.41(11)° (Ti), 76.20(13) (Hf)). 
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Figure 6.4. ORTEP diagram of 48a (∆ isomer) with thermal ellipsoids drawn at the 50% probability 
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (º): Ti1–O1 
1.809(2), Ti1–O2 1.819(2), Ti1–N1 2.291(3), Ti1–N2 2.366(3), Ti1–Cl1 2.2654(12), Ti1–Cl2 
2.3375(12), O1–Ti1–O2 157.86(11), N1–Ti1–N2 79.41(11), Cl1–Ti1–Cl2 99.98(4). 
 
 
 
Figure 6.5. ORTEP diagram of 50 (∆ isomer) with thermal ellipsoids drawn at the 50% probability 
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (º): Hf1–O1 
1.996(3), Hf1–O2 1.967(3), Hf1–N1 2.362(4), Hf1–N2 2.402(4), Hf1–Cl1 2.3746(12), Hf1–Cl2 
2.3866(13), O1–Hf1–O2 152.83(13), N1–Hf1–N2 76.20(13), Cl1–Hf1–Cl2 100.02(4). 
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6.2.2 Olefin polymerisation activity 
 
 Catalyst precursors 46 and 48-50 were tested for 1-hexene polymerisation activity in 
toluene or neat 1-hexene at temperatures from -15 to 55 °C using MAO as cocatalyst (Table 
6.1). Upon activation at 40 °C, titanium complexes 46 and 48b showed negligible activities 
for 1-hexene polymerisation, while 48a gave high molecular weight atactic poly(1-hexene) 
with moderate activity. In contrast, zirconium and hafnium complexes 49 and 50 are 
extremely active 1-hexene polymerisation catalysts that give low molecular weight atactic 
poly(1-hexene) with narrow polydispersities. For zirconium complex 49, nearly quantitative 
conversion was achieved within two hours at temperatures as low as 0 °C. At 40 °C in neat  
1-hexene with a catalyst loading of 0.675 µmol nearly all monomer was consumed within 15 
minutes, which corresponds to an activity of 32800 g mmol-1 h-1 (entry 9).  
 
Table 6.1. 1-Hexene polymerisation activity of MAO-activated complexes 46 and 48-50. 
Entry Precat. T (°C) 
Time 
(min) 
Yield 
(%) 
Activity
[a] 
Mn ×10
-3
 
[b] 
Mw / Mn
 [b] [vinylene] : 
[vinylidene]
[c] 
1 46[d]  40 120 - - - - - 
2 48a[d]  40 120 3.8 52 100 1.6 100 : 0 
3 48b[d]  40 120 - - - - - 
4 49[d]  40 120 100 ≥1400 2.5 1.7 72 : 28 
5 49[d]  25 120 100 ≥1400 2.6 2.1 70 : 30 
6 49[d]  0 120 96 1310 6.6 1.9 60 : 40 
7 49[d] -15 120 35 480 9.5 1.7 56 : 44 
8 49[d]  55 60 100 ≥2800 2.2 1.8 67 : 33 
9 49[e]  40 15 89 32800 3.6 1.9 72 : 28 
10 49[f] -15 30 9.1 1980 12.4 1.5 56 : 44 
11 50[d]  40 120 78 1060 3.1 1.8 61 : 39 
12 50[d]  25 120 8.8 120 1.7 2.8 63 : 37 
13 50[d]  0 120 1.8 24 2.2 3.6 67 : 33 
14 50[d]  55 30 71 3840 2.1 2.1 45 : 55 
15 50[g]  40 60 98 5300 3.8 2.3 59 : 41 
[a] (g polymer) (mmol catalyst)-1 h-1. [b] Determined by GPC. [c] Determined by 1H NMR. [d] 
Polymerisation conditions: 1.25 µmol catalyst; [Al]/[M] = 1500; 1-hexene (5.0 mL); toluene (7.5 mL). [e] 
Polymerisation conditions: 0.625 µmol catalyst; [Al]:[Ti] = 1500; 1-hexene (8.5 mL). [f] Polymerisation 
conditions: 0.625 µmol catalyst; [Al]:[Ti] = 1500; 1-hexene (10 mL). [g] Polymerisation conditions: 1.25 
µmol catalyst; [Al]/[M] ) = 1500; 1-hexene (10 mL). 
 
 Whilst under the conditions used no living polymerisation was observed and atactic 
polymers were obtained, complex 49 is significantly more active than the closely related 
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salan-analogue reported by Kol and coworkers.15a,30 The molecular weight of poly(1-hexene) 
produced by 49 increases with decreasing temperature from 2200 g mol-1 at 55 °C (entry 8) to 
12400 g mol-1 at -15 °C (entry 10). While hafnium complex 50 is less active than 49, 
polymerisation activity is still an order of magnitude faster than that of titanium complex 48a. 
Activities drop sharply below 40 °C, but at that temperature polymerisation activity can be 
much improved by polymerising in neat 1-hexene.  
 Endgroup analysis by 1H NMR spectroscopy of the high molecular weight poly(1-hexene) 
produced by 48a shows only vinylene resonances. The presence of internal olefins in the 
polymer suggests that chain-transfer by β-H elimination proceeds selectively after 2,1-
enchainment of 1-hexene. Analogous [Ti{OSSO}X2] complexes show similar behaviour in 
the oligomerisation of 1-hexene.18 The observation of both vinylene and vinylidene endgroups 
in poly(1-hexene) produced by zirconium and hafnium catalysts 49 and 50 suggests a lack of 
regioselectivity. Noteworthy is that the regioselectivities of isostructural 49 and 50 show 
opposite temperature dependance. An increase in polymerisation temperature from 0 °C to  
40 °C raises the fraction of vinylene-terminated poly(1-hexene) from 60% to 72% for 49 
while the same fraction decreases from 67% to 61% for 50. Equimolar fractions of endgroups, 
pointing to a complete loss of regioselectivity, are observed at -15 °C for the zirconium and at 
55 °C for hafnium catalyst. Although different polymerisation conditions affect activity and 
molecular weight, the ratio of vinylene and vinylidene endgroups seems to depend only on the 
polymerisation temperature. It must be noted that due to the presence of MAO as cocatalyst, 
chain-tranfer to aluminium cannot be excluded as possible chain-termination mechanism. 
 Styrene polymerisation results of the various catalyst precursors in toluene at 40 °C using 
MAO as cocatalyst are compiled in Table 6.2. All catalyst show low activity for styrene 
polymerisation and produce atactic polymers. 
 
Table 6.2. Styrene polymerisation activity of MAO-activated complexes 46 and 48-50. 
Precat.
[a]
 T (°C) Time (min) Yield (mg) Activity
[b] 
Mn × 10
-4
 
[c] 
Mw / Mn
[c] 
46
 40 120 90 36 - - 
48a
 40 120 50 20 1.5 6.4 
48b
 40 120 40 16 1.3 5.3 
49
 40 120 65 26 - - 
50 40 120 50 20 - - 
[a] Polymerisation conditions: 1.25 µmol catalyst; [Al]/[M] ) = 1500; styrene (5 mL); toluene (7.5 mL). 
[b] (g polymer) (mmol catalyst)-1 h-1. [c] Determined by GPC. 
 
 
Chapter 6 
 118
6.3 Conclusions 
 
 Tetradentate, linked bis(o-aminophenolato) ligands were introduced to group 4 transition 
metals. The resulting zirconium and hafnium complexes were configurationally stable, C2-
symmetrical species of cis-α configuration. For titanium complexes, cis-α geometry is 
favoured only at elevated temperatures or with appropriate auxiliary ligands. Dichloro 
complexes of zirconium and hafnium supported by these [ONNO]-type ligands are highly 
active for the polymerisation of 1-hexene. However, the low molecular weight poly(1-hexene) 
obtained was atactic, suggesting that this [ONNO]-type ligand cannot sustain fast propagation 
while maintaining regio- and stereoselectivity. Styrene was polymerised to atactic polystyrene 
with low activity. 
 
6.4 Experimental Section 
 
General considerations 
 
 For general remarks and details on analytical equipment, see Appendix A.1.  
 
Syntheses 
 
 Synthesis of [2,2’-(HOC6H2-4,6-
t
Bu2)2N(H)C2H4N(H)] (44). This compound was 
prepared following a literature procedure.23a 
 1H NMR: δ = 1.29 (s, 18H, C(CH3)3), 1.42 (s, 18H, C(CH3)3), 3.24 (s, 4H, CH2), 6.89 (d, 
4
JHH = 2.3 Hz, 2H, C6H2 CH), 7.02 (d, 
4
JHH = 2.3 Hz, 2H, C6H2 CH); 
 13C NMR: δ = 29.80 (C(CH3)3), 31.64 (C(CH3)3), 34.39 (C(CH3)3), 34.84 (C(CH3)3), 
47.99 (NCH2), 115.23 (C6H2 CH), 118.34 (C6H2 CH), 134.26 (C6H2), 135.52 (C6H2), 142.03 
(C6H2), 145.59 (C6H2). 
 
 Synthesis of [2,2’-(HOC6H2-4,6-
t
Bu2)2N(Me)C2H4N(Me)] (45). Method A: An excess 
of NaBH4 was added to a stirred solution of 2.0 g (4.27 mmol) of ligand 44 in 20 mL 
HCOOH, after which the reaction was monitored by TLC. Upon completion of the reaction, 
water was added and the product was extracted by diethyl ether. The combined organic phase 
was extracted with NaHCO3 solution, washed with water, and dried over MgSO4. The solvent 
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was removed under reduced pressure and the crude product was recrystallised from MeOH to 
give 0.60 g (28%) of a colourless solid.  
 Method B: A solution of 1.4 g (3.0 mmol) of ligand 44 in 20 mL of THF was cooled to  
-78 °C and 2.4 mL of n-butyllithium (2.5 M solution in hexane, 6.0 mmol) was added 
dropwise. The reaction mixture was stirred at -78 °C for 15 min, allowed to slowly warm to 
room temperature, and then stirred for 2 h. After addition of 0.38 mL (6.0 mmol) of methyl 
iodide, the mixture was stirred overnight and then refluxed for 5 h. The solvent was removed 
in vacuo, water was added, and the product was extracted with diethyl ether. The combined 
organic phase was dried over MgSO4 and the solvent was removed under reduced pressure. 
Recrystallisation of the crude product from MeOH gave 1.2 g (81%) of a colourless solid. 
 1H NMR (300 MHz): δ = 1.30 (s, 18H, C(CH3)3), 1.41 (s, 18H, C(CH3)3), 2.73 (s, 6H, 
NCH3), 2.87 (s, 4H, NCH2), 7.07 (s, 2H, C6H2 CH), 7.14 (s, 2H, C6H2 CH), 8.37 (br s, 2H, 
OH); 
 13C NMR (75 MHz): δ = 29.54 (C(CH3)3), 31.70 (C(CH3)3), 34.54 (C(CH3)3), 35.04 
(C(CH3)3), 42.93 (NCH3), 56.93 (NCH2), 115.46 (C6H2 CH), 120.53 (C6H2 CH), 134.90 
(C6H2), 138.37 (C6H2), 140.93 (C6H2), 148.39 (C6H2). M.p.: 149-150 °C; 
 Anal. calcd (%) for C32H52N2O2 (496.77): C, 77.37; H, 10.55; N, 5.64. Found: C, 77.27; 
H, 10.42; N, 5.43. 
 
 Synthesis of [Ti{2,2’-(OC6H2-4,6-
t
Bu2)2N(H)C2H4N(H)}Cl2] (46). Neat titanium 
tetrachloride (110 µL, 1.0 mmol) was added dropwise to a solution of 468 mg (1.0 mmol) of 
44 in 10 mL of toluene at -30 °C. The reaction mixture was allowed to warm to room 
temperature and then stirred for 2 h. The solvent was removed under reduced pressure and the 
residue was extracted twice with 15 mL of pentane. Upon standig at -30 °C, a red precipitate 
formed, which was collected and dried to give 500 mg of product in 85% yield. 
 1H NMR: δ = 1.24 (s, 36H, C(CH3)3), 3.23 (m, 2H, NCH2), 4.09 (m, 2H, NCH2), 5.68 (s, 
2H, NH), 6.94 (d, 1JHH = 1.9 Hz, 2H, C6H2 CH), 7.17 (d, 
1
JHH = 1.9 Hz, 2H, C6H2 CH); 
 13C NMR: δ = 29.28 (C(CH3)3), 31.55 (C(CH3)3), 34.75 (C(CH3)3), 34.83 (C(CH3)3), 
117.14 (C6H2 CH), 122.76 (C6H2 CH), 134.59 (C6H2), 136.94 (C6H2), 145.97 (C6H2), 158.14 
(C6H2). 
 Anal. calcd (%) for C30H46Cl2N2O2Ti (585.49): C, 61.54%; H, 7.92%; N, 4.78%. Found: 
C, 62.11%; H, 7.92%; N, 4.90%. 
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 Synthesis of [Ti{2,2’-(OC6H2-4,6-
t
Bu2)2N(Me)C2H4N(Me)}(O
i
Pr)2] (47). Neat titanium 
tetraisopropyloxide (300 µL, 1.0 mmol) was added dropwise to a solution of 497 mg (1.0 
mmol) of 45 in 10 mL of toluene at -30 °C. The reaction mixture was allowed to warm to 
room temperature and then stirred for 10 h. The solvent was removed under reduced pressure 
and the residue was recrystallised from pentane to give 490 mg (74%) of a yellow solid. 
 1H NMR (300 MHz): δ = 1.17 (d, 3JHH = 6.1 Hz, 6H, CH(CH3)2, overlapping), 1.18 (d, 
3
JHH= 6.0 Hz, 6H, CH(CH3)2, overlapping), 1.29 (d, 18H, C(CH3)3), 1.47 (s, 9H, C(CH3)3), 
2.44 (d, 3JHH = 8.7 Hz, 2H, NCH2), 2.92 (d, 
3
JHH = 8.7 Hz, 2H, NCH2), 2.98 (s, 6H, NCH3), 
4.76 (hep, 3JHH = 6.1 Hz, 2H, CH(CH3)2), 6.94 (d, 
4
JHH = 1.7 Hz, 2H, C6H2 CH), 7.12 (d, 
4
JHH 
= 1.7 Hz, 2H, C6H2 CH); 
 13C NMR (75 MHz): δ = 26.08 (CH(CH3)2), 26.22 (CH(CH3)2), 29.44 (C(CH3)3), 31.86 
(C(CH3)3), 34.48 (C(CH3)3), 34.96 (C(CH3)3), 47.46 (NCH3), 59.95 (NCH2), 77.08 
(CH(CH3)2), 114.67 (C6H2 CH), 121.55 (C6H2 CH), 135.03 (C6H2), 138.85 (C6H2), 139.91 
(C6H2), 159.95 (C6H2). 
 Anal. calcd (%) for C38H64N2O4Ti (660.81): C, 69.07%; H, 9.76%; N, 4.24%. Found: C, 
69.67%; H, 9.81%; N, 4.21%. 
 
 Synthesis of [Ti{2,2’-(OC6H2-4,6-
t
Bu2)2N(Me)C2H4N(Me)}Cl2] (48a and 48b). Method 
A: Neat titanium tetrachloride (110 µL, 1.0 mmol) was added dropwise to a solution of 497 
mg of 45 (1.0 mmol) in 10 mL of toluene at -30 °C. The reaction mixture was allowed to 
warm to room temperature and then stirred for 2 h. The solvent was removed under reduced 
pressure and the residue was extracted twice with 15 mL of pentane. After filtration, the red 
residue was recrystallised from toluene to give 48a. Another red solid precipitated from the 
filtrate upon standing at room temperature. This red solid was collected and dried to give 48b.  
 Method B: A solution of 75 mg (0.15 mmol) of Li2[45] and 49 mg (0.15 mmol) of 
TiCl4(THF)2 in 5 mL toluene and 1 mL of THF was stirred at room temperature for 20 h. The 
reaction mixture was filtered and the solvent was removed under reduced pressure to give a 
red residue. The residue was washed twice with 5 mL of pentane and dried in vacuo to give 80 
mg (87%) of 48 (48a : 48b = 1 : 8) as a red solid. 
 1H NMR (48a): δ = 1.28 (s, 18H, C(CH3)3), 1.48 (s, 18H, C(CH3)3), 2.65 (d, 
2
JHH = 9.5 
Hz, 2H, NCH2), 3.15 (s, 6H, NCH3), 3.18 (d, 
2
JHH = 9.5 Hz, 2H, NCH2), 6.98 (d, 
4
JHH = 1.5 
Hz, 2H, C6H2 CH), 7.24 (d, 
4
JHH = 1.5 Hz, 2H, C6H2 CH); 
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 13C NMR (48a): δ = 29.62 (C(CH3)3), 31.67 (C(CH3)3)), 34.83 (C(CH3)3), 35.02 
(C(CH3)3), 50.34 (NCH3), 61.85 (NCH2), 114.58 (C6H2 CH), 123.26 (C6H2 CH), 135.47 
(C6H2), 141.72 (C6H2), 144.27 (C6H2), 158.39 (C6H2). 
 1H NMR (48b): δ = 0.91 (s, 9H, C(CH3)3), 1.21 (s, 9H, C(CH3)3), 1.27 (s, 9H, C(CH3)3), 
1.42 (s, 9H, C(CH3)3), 2.97-3.06 (m, 2H, NCH, overlapping with NCH3), 3.02 (s, 3H, NCH3), 
3.26 (m, 1H, NCH), 3.52 (s, 3H, NCH3), 4.00 (m, 1H, NCH), 6.75 (d, 
4
JHH = 1.8 Hz, 1H, C6H2 
CH), 7.08 (s, 2H, C6H2 CH), 7.20 (d, 
4
JHH = 1.8 Hz, 1H, C6H2 CH); 
 13C NMR (48b): δ = 28.81 (C(CH3)3), 29.83 (C(CH3)3), 31.53 (C(CH3)3)), 31.63 
(C(CH3)3), 34.65 (C(CH3)3), 34.82 (C(CH3)3), 34.92 (C(CH3)3), 35.08 (C(CH3)3), 50.29 
(NCH3), 54.22 (NCH3), 56.11 (NCH2), 63.41 (NCH2), 113.50 (C6H2 CH), 114.92 (C6H2 CH), 
122.31 (C6H2 CH), 122.99 (C6H2 CH), 134.50 (C6H2), 135.01 (C6H2), 143.37 (C6H2), 145.42 
(C6H2), 145.72 (C6H2), 146.71 (C6H2), 156.24 (C6H2), 157.02 (C6H2).  
 Anal. calcd (%) for C32H50Cl2N2O2Ti (613.54, 48a): C, 62.64%; H, 8.21%; N, 4.57%. 
Found: C, 61.89%; H, 8.58%; N, 4.39%. Anal. Calcd for C32H50Cl2N2O2Ti · 0.5 C5H12 
(649.62, 48b): C, 63.79%; H, 8.69%; N, 4.31%. Found: C, 63.45%; H, 8.26%; N, 4.57%. 
 
 Synthesis of [Zr{2,2’-(OC6H2-4,6-
t
Bu2)2N(Me)C2H4N(Me)}Cl2] (49). A solution of 373 
mg (0.73 mmol) of Li2[45] and 170 mg (0.73 mmol) of ZrCl4 in a mixture of 10 mL of toluene 
and 2 mL of THF was stirred at room temperature for 20 h. The reaction mixture was filtered 
and the solvent was removed under reduced pressure. The residue was washed twice with 5 
mL of pentane and dried in vacuo to give 400 mg (83%) of a colourless solid. 
 1H NMR: δ = 1.28 (s, 18H, C(CH3)3), 1.47 (s, 18H, C(CH3)3), 2.64 (d, 
2
JHH = 10.0 Hz, 2H, 
NCH2), 3.10 (d, 2H, NCH2, overlapping with NCH3), 3.11 (s, 6H, NCH3), 6.96 (d, 
4
JHH = 2.3 
Hz, 2H, C6H2 CH), 7.24 (d, 
4
JHH = 2.3 Hz, 2H, C6H2 CH); 
 13C NMR: δ = 29.49 (C(CH3)3), 31.66 (C(CH3)3), 34.73 (C(CH3)3), 35.05 (C(CH3)3), 
48.11 (NCH3), 61.21 (NCH2), 114.25 (C6H2 CH), 123.42 (C6H2 CH), 137.29 (C6H2), 140.15 
(C6H2), 142.99 (C6H2), 156.25 (C6H2). 
 Anal. calcd (%) for C32H50Cl2N2O2Zr (656.89): C, 58.51%; H, 7.67%; N, 4.26%. Found: 
C, 58.73%; H, 7.68%; N, 4.63%. 
 
 Synthesis of [Hf{2,2’-(OC6H2-4,6-
t
Bu2)2N(Me)C2H4N(Me)}Cl2] (50). A solution of 175 
mg of Li2[45] (0.34 mmol) and 110 mg of HfCl4 (0.34 mmol) in a mixture of 10 mL of 
toluene and 2 mL of THF was stirred at room temperature for 20 h. The reaction mixture was 
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filtered and the solvent was removed under reduced pressure. The residue was washed twice 
with 5 mL of pentane and dried in vacuo to give 150 mg (59%) of a colourless solid. 
 1H NMR: δ = 1.27 (s, 18H, C(CH3)3), 1.46 (s, 18H, C(CH3)3), 2.67 (d, 
2
JHH = 9.8 Hz, 2H, 
NCH2), 3.10 (d, 
2
JHH = 9.8 Hz, 2H, NCH2), 3.13 (s, 6H, NCH3), 6.96 (d, 
4
JHH = 2.0 Hz, 2H, 
C6H2 CH), 7.25 (d, 2H, C6H2 CH, overlapping with solvent); 
 13C NMR: δ = 24.46 (C(CH3)3), 31.69 (C(CH3)3), 34.68 (C(CH3)3), 35.00 (C(CH3)3), 
48.09 (NCH3), 61.26 (NCH2), 114.17 (C6H2 CH), 123.54 (C6H2 CH), 138.28 (C6H2), 139.58 
(C6H2), 142.61 (C6H2), 156.19 (C6H2). 
 Anal. calcd (%) for C32H50Cl2N2O2Hf (744.15): C, 51.65%; H, 6.77%; N, 3.76%. Found: 
C, 51.99%; H, 7.34%; N: 3.95%. 
 
General polymerisation procedure for 1-hexene 
 
 To a 100 mL Schlenk flask were added 7.5 mL of toluene, 5 mL of 1-hexene, and 1.25 mL 
of MAO, after which the mixture was stirred at the desired polymerisation temperature for 15 
min. before polymerisation was initiated by adding 1.25 µmol of catalyst precursor in 0.5 mL 
of toluene. The polymerisation was allowed to run for the desired time, after which the run 
was aborted by addition of 1 mL of isopropanol. The mixture was stirred for 10 min. and then 
poured into acidified methanol (150 mL). After removal of the solvent, 100 mL of water was 
added and the residue was extracted three times with toluene. The combined organic phase 
was washed with water and dried over MgSO4. The solvent was removed under reduced 
pressure and dried to constant weight at 60 °C under vacuum. 
 
General polymerisation procedure for styrene 
 
 To a 100 mL Schlenk flask were added 7.5 mL of toluene, 5 mL of styrene, and 1.25 mL 
of MAO, after which the mixture was stirred at 40 °C for 15 min. before polymerisation was 
initiated by adding 1.25 µmol of catalyst precursor in 0.5 mL of toluene. The polymerisation 
was allowed to run for 2 h, after which the run was aborted by addition of 1 mL of 
isopropanol. The mixture was stirred for 10 min. and then poured into acidified methanol (150 
mL). The obtained polymer was filtered and washed twice with methanol and the residue was 
dried to constant weight at 60 °C under vacuum. 
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Crystallographic data  
 
 For general remarks and details on X-ray structure analysis, see Appendix A.2. Single 
crystals of 48a and 50 each contain two crystallographically independent molecules in the unit 
cell. Crystallographic data and data collection parameters are summarised in Table A.7. 
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Summary 
 
 
 The first objectives of this work were to obtain a enantiomerically pure [Ti{OSSO}X2] 
polymerisation catalyst and to use it to determine at what degree of polymerisation a 
polystyrene chain becomes cryptochiral. The resolution of the ∆ and Λ enantiomers of a 
[Ti{2,2’-(OC6H2-6-
t
Bu-4-Me)2SC2H4S}X2] was attempted via chiral template synthesis. 
Complexation of the achiral bis(phenol) to a (R)-1,1’-bi-2-naphthoxy titanium species was not 
diastereoselective and reaction with 3,3’-substituted templates did not proceed at all. 
Surprisingly, the partial hydrolysis of [Ti{(R)-C20H12O2}{2,2’-(OC6H2-6-
t
Bu-4-
Me)2SC2H4S}] in acetone solution did proceed diastereoselectively to give a homochiral 
dinuclear species, bridged by a binaphtoxy moiety and by an oxygen atom (Scheme S.1).  
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Scheme S.1 
 
 A chiral template can be abandoned if an [OSSO]-type ligand is developed with a chiral 
source that predetermines the configuration with which the ligand coordinated to the metal 
centre. Therefore, trans-1,2-dithiacyclohexanediyl-bridged bis(phenols) were synthesised in 
three steps (Scheme S.2). Nucleophilic attack of an hydroxyarenethiolate on cyclohexene 
oxide, followed by chlorination, and substitution by a second equivalent of the thiolate gave 
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exclusively 1,2-trans bis(phenols) via anchimeric assistance. The chiral bis(phenols) could be 
resolved either by classical resolution with (1S)-camphorsulfonyl chloride or by preparative 
(chiral) HPLC of the diastereomers and enantiomers respectively. Reaction of trans-1,2-
dithiacyclohexanediyl-bridged [OSSO]-type ligands with TiX4 proceeds diastereoselectively, 
thus giving access to enantiomerically pure precatalysts. In contrast to 1,4-dithiabutanediyl-
bridged [OSSO] ligands, [2,2’-(HOC6H2-6-R
1
-4-R
2
)2SC6H10S] are so efficient in directing and 
maintaining the configuration of their respective titanium complexes that large ortho-
substituents are not required.  
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Scheme S.2 
 
 To investigate cryptochiality, low molecular weight oligostyrenes were produced by 
optically active titanium catalysts. The molecular weight during polymerisation could be 
controlled by addition of 1-hexene as a chain-transfer agent. Depending on the substitution of 
the ligand, 1-hexene-terminated oligostyrenes with a minimum molecular weight of 800-1300 
g mol
-1
 could be obtained. Oligomers with a polymerisation degree of up to ca. 45 show 
optical activity (Scheme S.3).  
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Scheme S.3 
 
 Reaction of racemic [2,2’-(HOC6H2-6-
t
Bu-4-Me)2SC6H10S] with VOCl3 afforded a C1-
symmetrical bis(phenolato) vanadium(V) complex, which spontaneously resolves upon 
crystallisation. Diastereoselectivity is the same as for titanium complexes. When activated 
with MAO, [V{2,2’-(OC6H2-6-
t
Bu-4-Me)2SC6H10S}OCl] did not polymerise propene or 
styrene, but was highly active for the polymerisation of ethene. 
 Using similar nucleophilic ring-opening methodology as for the cyclohexanediyl-bridged 
[OSSO]-type ligands, a family of trans-1,2-azathiacyclohexanediyl-bridged [OSNO]-type 
bis(phenols) was synthesised. In this fashion [2,2’-(HOC6H2-6-
t
Bu-4-R
1
)2SC6H10NR
2
] (R
1
 = 
t
Bu, Me; R
2
 = H, Me), [2,2’-(HOC6H2-4,6-
t
Bu2)2SC6H10N=CH] and [2,2’-(HOC6H2-4,6-
t
Bu2)2SC6H10NHCH2] were obtained. Although for such asymmetrical ligands many isomers 
are possible, formation of titanium complexes of the first ligands proceeded with perfect 
diastereoselectively; the half-salen and half-salan hybrids gave a mixture of two isomers 
(Scheme S.4). 
 All titanium complexes were configurationally stable in solution up to 100 °C. For 
[Ti{2,2’-(HOC6H2-6-
t
Bu-4-R
1
)2SC6H10NR
2
}X2] (X = Cl, O
i
Pr), cis-α and cis-β2 coordination 
modes of the ligand were observed, depending on the nitrogen substituent and on the auxiliary 
ligand. In [Ti{2,2’-(HOC6H2-4,6-
t
Bu2)2SC6H10N=CH}Cl2] and [Ti{2,2’-(HOC6H2-4,6-
t
Bu2)2SC6H10NHCH2}Cl2] both configurations coexist and did not interconvert at elevated 
temperatures, but HCl catalysed the isomerization from cis-α to cis-β2. Upon activation with 
methylaluminoxane, [Ti{OSNO}X2] complexes were moderately active in the polymerization 
of styrene and gave trace activity in the polymerization of 1-hexene, thus combining the worst 
polymerisation properties of their parent ligands, rather than the best.  
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Scheme S.4 
 
 A different way to influence polymerisation properties is to investigate the effect of the 
linkage between the arene groups. For group 4 [ONNO]-type catalysts, only salen- and salan-
type complexes are known; 1,4-diazabutanediyl-bridged bis(phenolato) species were not 
examined. These ligands were synthesised by reaction of the 3,5-
t
Bu2-catechol with ethylene 
diamine and optional methylation of the nitrogen atoms. With the appropriate metal 
precursors MX4 (M = Ti, Zr, Hf) a series of group 4 metal dichloro and di(isopropoxy) 
complexes [M{2,2’-(OC6H2-4,6-
t
Bu2)2NRC2H4NR}X2] (Ti: R = H, Me; X = Cl, O
i
Pr; Zr, Hf: 
X = Cl; R = Me) was obtained.  
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Scheme S.5 
 
 Whilst [ONNO] zirconium and hafnium dichlorides gave configurationally stable cis-α 
species up to 100 °C, titanium [ONNO] complexes gave both cis-α and cis-β isomers (Scheme 
S.5). The configuration of [Ti{2,2’-(OC6H2-4,6-
t
Bu2)2MeNC2H4NMe}Cl2] and [Ti{2,2’-
(OC6H2-4,6-
t
Bu2)2HNC2H4NH}Cl2] changed from cis-β to cis-α at elevated temperatures. 
Upon activation with methylaluminoxane, all precatalysts polymerised styrene with modest 
activity. Good (M = Ti) to excellent (M = Zr, Hf) activity in the atactic polymerization of 1-
hexene was observed. 
Zusammenfassung 
132 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Zusammenfassung 
 
133 
Zusammenfassung 
 
 
 Ziel dieser Arbeit war zunächst die Darstellung eines enantiomerenreinen [Ti{OSSO}X2]-
Katalysators, unter dessen Verwendung festgestellt werden sollte, bei welchem 
Polymerisationsgrad Polystyrol chryptochirale Eigenschaften aufweist. Mit Hilfe 
templatsynthetischer Methoden wurde die Darstellung in ∆- und Λ-Form von [Ti{2,2’-
(OC6H2-6-
tBu-4-Me)2SC2H4S}X2] versucht. Die Komplexierung des achiralen Bisphenols zur 
(R)-1,1’-Bi-2-naphthoxytitanverbindung verlief nicht diastereoselektiv, während 3,3’-
substituierte Template überhaupt keine Reaktion zeigten. Überraschenderweise verlief die 
partielle Hydrolyse von [Ti{(R)-C20H12O2}{2,2’-(OC6H2-6-
tBu-4-Me)2SC2H4S}] in Aceton 
diastereoselektiv und lieferte eine homochirale dinukleare Spezies, verbrückt über eine 
Binaphtoxyeinheit und ein Sauerstoffatom (siehe Schema S.1). 
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Schema S.1 
 
 Der Einsatz eines chiralen Templats konnte vermieden werden, indem bei der Synthese 
des [OSSO]-Liganden ein chiraler Baustein verwendet wurde, der die Konfiguration bei der 
Koordination an ein Metallzentrum festlegt. Hierfür wurden trans-1,2-Dithiacyclohexandiyl-
verbrückte Bis(phenole) in drei Reaktionsschritten dargestellt (siehe Schema S.2). Ein 
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nucleophiler Angriff eines Hydroxyarenthiolats auf Cyclohexenoxid, die Chlorierung des 
Produktes sowie Substitution des Chlorids durch ein zweites Äquivalent Thiolat ergab bedingt 
durch den anchimeren Effekt selektiv entsprechende 1,2-trans-Bis(phenole). 
Enantiomerenreine Bis(phenole) konnten hieraus mit Hilfe präparativer HPLC, entsprechende 
Diastereomere durch klassische Trennung mit Hilfe von (1S)-Camphersulfonylchlorid 
gewonnen werden. Die Reaktion von trans-1,2-Dithiacyclohexandiyl-verbrückten [OSSO]-
Liganden mit TiX4 verlief diastereoselektiv, wodurch enantiomerenreine Katalysatorvorstufe 
erhalten wurde. Im Gegensatz zu 1,4-Dithiabutandiyl-verbrückten [OSSO]-Liganden, 
erwiesen sich [2,2’-(HOC6H2-6-R
1-4-R2)2SC6H10S]-Verbindungen als genügend 
konfigurationssteuernd bei der Bildung von Titankomplexen, sodass auf sterisch 
anspruchsvolle ortho-Substituenten verzichtet werden konnte.  
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Schema S.2 
 
 Zur Untersuchung der Cryptochiralität wurden mit Hilfe von optisch aktiven 
Titankatalysatoren Oligomere von Styrol mit geringem Molekulargewicht produziert. Hierbei 
erfolgte die Steuerung des Molekulargewichts über entsprechenden Zusatz von 1-Hexen 
(Kettenübertragungsmittel). Abhängig von unterschiedlich substituierten Liganden wurden 
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Oligostyrole mit 1-Hexen-Kettenenden mit einem Molekulargewicht von 800-1300 g mol-1 
erhalten. Oligomere mit einem Polymerisationsgrad bis zu ca. 45 wiesen optische Aktivität 
auf (siehe Schema S.3). 
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 Die Reaktion von rac-[2,2’-(HOC6H2-6-
tBu-4-Me)2SC6H10S] mit VOCl3 ergab einen C1-
symmetrischen Bis(phenolat)-Vanadium(V)-Komplex, dessen Kristallisation enantioselektiv 
verläuft. Die Diastereoselektivität der Komplexierung verhält sich analog zur entsprechenden 
Titanverbindung. Mit Zusatz von MAO zeigte [V{2,2’-(OC6H2-6-
tBu-4-Me)2SC6H10S}OCl]  
keine Aktivität für die Polymerisation von Propen, bzw. Styrol, war jedoch hoch aktiv in der 
Polymerisation von Ethen. 
 Unter Verwendung  ähnlicher nucleophiler Ringöffungsreaktionen (vgl. Cyclohexandiyl-
verbrückte [OSSO]-Liganden) wurde zudem eine Gruppe von trans-1,2-
Azathiacyclohexandiyl-verbrückten [OSNO]-Bis(phenolen) dargestellt. Hierbei handelt es 
sich um die Verbindungen [2,2’-(HOC6H2-6-
tBu-4-R1)2SC6H10NR
2] (R1 = tBu, Me; R2 = H, 
Me), [2,2’-(HOC6H2-4,6-
tBu2)2SC6H10N=CH] und [2,2’-(HOC6H2-4,6-
tBu2)2SC6H10NHCH2]. 
Obwohl für solch asymmetrische Liganden viele Isomere möglich sind, verlief die Bildung 
von Titankomplexen der ersten Liganden hoch diastereoselektiv. Für die Halbsalen- und 
Halbsalanhybride wurden Mischungen von zwei verschiedenen Isomeren erhalten (siehe 
Schema S.4). 
 Alle Titankomplexe waren in Lösung bis 100°C konfigurationsstabil. Für [Ti{2,2’-
(HOC6H2-6-
tBu-4-R1)2SC6H10NR
2}X2] (X = Cl, O
iPr) wurden jeweils, abhängig von N-
Substituenten und Auxiliar, sowohl cis-α- als auch cis-β2-Konfigurationen beobachtet. Bei 
[Ti{2,2’-(HOC6H2-4,6-
tBu2)2SC6H10N=CH}Cl2] und [Ti{2,2’-(HOC6H2-4,6-
tBu2)2SC6H10NHCH2}Cl2] lagen beide Konfigurationen gemischt vor, die durch erhöhte 
Zusammenfassung 
136 
Temperatur nicht ineinander umwandelbar waren. Allerdings ließ sich durch Zusatz von HCl 
die Isomerisierung der cis-α- in die cis-β2-Form katalysieren. Unter Verwendung von MAO 
zeigten die [Ti{OSNO}X2]-Komplexe moderate Aktivitäten für die Polymerisation von 
Styrol, jedoch nur sehr geringe Aktivitäten für die Polymerisation von 1-Hexen. [OSNO]-
Hybridligandkomplexe kombinieren somit offenbar nicht, wie erwartet, die guten sondern die 
schlechtesten Polymerisationseigenschaften von [OSSO]- bzw. [ONNO]-Ligandkomplexen.  
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 Des Weiteren sollte der Einfluss der Brücke zwischen den Arengruppen im Liganden 
durch Variation untersucht werden. Für Gruppe-IV-[ONNO]-Katalysatoren waren bisher 
allein Salen-, bzw. Salankomplexe literaturbekannt. 1,4-Diazabutandiyl-verbrückte 
Bis(phenolat)-Spezies wurden im Rahmen dieser Arbeit erstmalig durch die Reaktion von 3,5-
tBu2-Catechol mit Ethylendiamin synthetisiert, wobei optional zusätzlich eine Methylierung 
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der Stickstoffatome vorgenommen werden konnte. Unter Verwendung geeigneter 
Metallvorstufen MX4 (M = Ti, Zr, Hf) konnte eine Serie von Guppe-IV-Metall-
dichloro/di(isopropoxy)-Komplexen [M{2,2’-(OC6H2-4,6-
tBu2)2NRC2H4NR}X2] (Ti: R = H, 
Me; X = Cl, OiPr; Zr, Hf: X = Cl; R = Me) dargestellt werden.  
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 Während [ONNO]- Zirkonium/Hafnium-dichloride cis-α-Spezies konfigurationsstabil bis 
zu 100 °C ergaben, konnte für [ONNO]-Titan-Komplexe die Existenz von cis-α- und cis-β-
Isomeren festgestellt werden (siehe Schema S.5). Die Konfiguration von [Ti{2,2’-(OC6H2-
4,6-tBu2)2MeNC2H4NMe}Cl2] und [Ti{2,2’-(OC6H2-4,6-
tBu2)2HNC2H4NH}Cl2] konnte durch 
erhöhte Temperatur von cis-β zu cis-α hin umgewandelt werden. Unter Zugabe von MAO 
zeigten alle dargestellten Katalysatorvorstufen moderate Aktivitäten für die Polymerisation 
von Styrol. Gute (M = Ti) bis sehr gute (M = Zr, Hf) Aktivität zeigte sich für die ataktische 
Polymerisation von 1-Hexen. 
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Appendix 
 
 
A.1 Experimental Details 
 
 All operations were performed under an inert atmosphere of argon using standard 
Schlenk-line and glovebox techniques.  
 Diethyl ether, THF and toluene was distilled from sodium benzophenone ketyl; pentane 
and hexane were purified by distillation from sodium benzophenone ketyl/triglyme. 
Dichloromethane was distilled from calcium hydride. Cyclohexane used for HPLC was 
distilled prior to use. Deuterated benzene, toluene and THF were dried over sodium. 
Deuterated chloroform, dichloromethane, 1,1,2,2-tetrachloroethane and bromobenzene were 
dried over calcium hydride. All deuterated solvents were distilled and degassed prior to use. 
Toluene used for polymerisation in Chapter 4 was distilled from Na/K alloy. MAO (10 wt% 
in toluene was used as received. Styrene was dried over CaH2 and 1-hexene was dried over 
sodium. Ethylene (3.0) was purchased from Air Liquide. (1S)-Camphorsulfonylchloride, n-
BuLi (2.5 M in Et2O), TiCl4, Ti(O
iPr)4 and VOCl3 were used as received. 
 NMR spectra were recorded on a Varian Mercury 200BB spectrometer (1H 200.0 MHz, 
13C 50.3 MHz, 19F 188.2 MHz), on a Varian Mercury 300BB spectrometer (1H 300.0 MHz, 
13C 75.4 MHz), on a Bruker DRX 400 spectrometer (1H 400.1 MHz, 13C 100.6 MHz, 11B 
160.3 MHz) or on a Varian Unity 500 spectrometer (1H 499.6, 13C 125.6 MHz) at room 
temperature (25 °C) in CDCl3 unless stated otherwise. All chemical shifts are reported in ppm. 
1H and 13C NMR spectra were referenced internally using residual solvent resonances and 
reported relative to SiMe4. 
19F NMR spectra were referenced externally to neat CFCl3; 
11B 
NMR spectra were referenced externally to a saturated NaBH4 solution in D2O. Assignments 
were verified by correlated spectroscopy. 
 Elemental analyses were performed by the Microanalytical Laboratory of this department 
or by the Microanalytical Laboratory of the Inorganic Chemistry department of the Johannes 
Gutenberg University of Mainz in cases where sulfur is reported. MS and HRMS spectra were 
measured on a Finnigan MAT 95 mass spectrometer; MALDI TOF MS spectra were recorded 
in the group of Prof. Dr. M. Schmidt, at the University of Mainz on a Micromass TofSpec E 
spectrometer using a dithranol matrix. 
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 Gel permeation chromatography (GPC) measurements were carried out on an Agilent 
1100 series instrument at 35 °C using THF as a solvent against a polystyrene standard. High 
temperature (HT) GPC measurements were performed on a Polymer Laboratories PL 220 
system operated at 150 °C equipped with three PLGel mixed-bed columns and a RI-detector 
using narrow polystyrene standards for calibration. 1,2,4-Trichlorobenzene, stabilised with 2 
mg ml-1 Irganox 1010, was used as eluent at a flow rate of 1 mL min-1. 
 Specific rotation was measured using a THG-GLOCK (ADP2003/WZZ-2S) instrument (λ 
= 589.3 nm at 23 ºC) in a 0.5 dm measuring cell using CH2Cl2 as solvent, unless otherwise 
indicated. Circular dichroism spectra were recorded on AVIV Assoc. 62DS instrument. A cell 
with path length of 0.1 cm and CH2Cl2 solvent were used for all measurements. UV-vis 
spectra were measured in 1.0 mL quartz cuvettes on a J&M TIDAS Microspectrometer. 
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A.2 X-ray Diffraction Analyses 
 
 Crystallographic data were collected by Prof. Dr. Ullrich Englert and coworkers. X-ray 
diffraction measurements were performed using Mo-Kα radiation (0.71073 Å) on a Bruker 
AXS diffractometer equipped with a CCD area detector using ω scans. The SMART program 
package was used to determine the unit cell parameters and for data collection. The data 
reductions as well as absorption corrections were carried out using SAINT and SADABS to 
give the reflection data file.1 All structures were solved by Dr. Thomas P. Spaniol using direct 
methods and Fourier difference methods (SHELXS-86)2 and subsequently refined (SHELXS-
97)3 against all Fo
2 data with hydrogen atoms riding in calculated positions.  
  Crystallographic data for the structural analyses of compounds 1, 2, 11, 16, 18, 20, 22, 
23 and 24 have been deposited with the Cambridge Crystallographic Data Centre and can be 
obtained free of charge via http://www.ccdc.cam.ac.uk/datarequest/cif (see Table below). 
 
Compound CCDC Compound CCDC Compound CCDC 
1,2 292653 (Λ,R,R)-22 679162 42b 730705 
2
 292654 23 679158 43a 730706 
(S,S)-11 679159 (∆,S,S)-24 702251 43b 730707 
(S,S,S,S)-16 679160 37 730702 47 732803 
(Λ,R,R)-18 679157 40 730703 48a 732804 
20
 679161 41 730704 50 732805 
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A.3 Supplementary Information 
 
 
Figure A.1. ORTEP diagram of (S,S,S,S)-16 with thermal ellipsoids drawn at the 50% probability 
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): O1–S3 
1.614(3), O3–S3 1.421(3), O4–S3 1.409(3), O2–S4 1.606(3), O6–S4 1.416(3), O7–S4 1.423(4),  
C31–O5 1.209(7), C41–O8 1.206(6), C2–S1–C12 98.4(2), C18–S2–C13 98.1(2), C1–O1–S3 120.9(3), 
O1–S3–C28 99.1(2), C19–O2–S4 121.5(3), O2–S4–C39 99.34(19), S1–C12–C13–S2 155.8(2). 
 
 
Figure A.2. ORTEP diagram of (Λ,R,R)-22 with thermal ellipsoids drawn at the 50% probability level. 
One of three crystallographically independent molecules is shown. Hydrogen atoms are omitted for 
clarity. Selected bond lengths (Å) and angles (°): Ti1–O1 1.934(7), Ti1–O2 1.935(7), Ti1–O3 1.790(7), 
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Ti1–O4 1.749(7), Ti1–S1 2.674(4), Ti1–S2 2.673(4), O1–Ti1–O2 150.6(3), O3–Ti1–O4 106.5(3),  
S1–Ti1–S2 79.30(10), Ti1–O3–C29 145.8(7), Ti1–O4–C32 165.7(7).  
 
 
Figure A.3. ORTEP diagram of 43b with thermal ellipsoids drawn at the 50% probability level. One of 
two crystallographically independent molecules is shown. Hydrogen atoms are omitted and a single 
disordered structure is shown for clarity. Selected bond lengths (Å) and angles (°): Ti–O1 1.785(2),  
Ti–O2 1.875(2), Ti–S 2.5766(11), Ti–N 2.254(3), Ti–Cl1 2.2845(10), Ti–Cl2 2.3520(11), N–C15 
1.502(4), O1–Ti–O2 98.25(11), S–Ti–N 80.48(7), Cl1–Ti–Cl2 94.62(4), Ti1–N–C15 109.60(19). 
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A.5 Index of Compounds 
 
1   [Ti{(R)-C20H12O2}{2,2’-(OC6H2-6-
tBu-4-Me)2SC2H4S}] 
2   [µ-{(R)-C20H12O2}-µ-O-(Ti{2,2’-(OC6H2-6-
tBu-4-Me)2SC2H4S})2] 
3   [2,4-tBu-6-(trans-2-HOC6H10S)C6H2OH] 
4   [2-tBu-6-(trans-2-HOC6H10S)-4-MeC6H2OH] 
5   [2,4-iPr-6-(trans-2-HOC6H10S)C6H2OH] 
6   [2-(trans-2-HOC6H10S)-4-MeC6H2OH] 
7   [2,4-tBu-6-(trans-2-ClC6H10S)C6H2OH] 
8   [2-tBu-6-(trans-2-ClC6H10S)-4-MeC6H2OH] 
9   [2,4-iPr-6-(trans-2-ClC6H10S)C6H2OH] 
10   [2-(trans-2-ClC6H10S)-4-MeC6H2OH] 
11   [2,2’-(HOC6H2-4,6-
tBu2)2-trans-1,2-SC6H10S] 
(R,R)-11 [2,2’-(HOC6H2-4,6-
tBu2)2-(1R,2R)-SC6H10S] 
(S,S)-11 [2,2’-(HOC6H2-4,6-
tBu2)2-(1S,2S)-SC6H10S] 
12   [2,2’-(HOC6H2-6-
tBu-4-Me)2-trans-1,2-SC6H10S] 
(R,R)-12 [2,2’-(HOC6H2-6-
tBu-4-Me)2-(1R,2R)-SC6H10S] 
(S,S)-12 [2,2’-(HOC6H2-6-
tBu-4-Me)2-(1S,2S)-SC6H10S] 
13   [2,2’-(HOC6H2-4,6-
iPr2)2-trans-1,2-SC6H10S] 
14   [2,2’-(HOC6H3-4-Me)2-trans-1,2-SC6H10S] 
(R,R,S,S)-15 [2,2’-{((1S)-C10H15SO2)OC6H2-4,6-
tBu2}2-(1R,2R)-SC6H10S] 
(S,S,S,S)-15 [2,2’-{((1S)-C10H15SO2)OC6H2-4,6-
tBu2}2-(1S,2S)-SC6H10S] 
(R,R,S,S)-16  [2,2’-{((1S)-C10H15SO2)OC6H2-6-
tBu-4-Me}2-(1R,2R)-SC6H10S] 
(S,S,S,S)-16 [2,2’-{((1S)-C10H15SO2)OC6H2-6-
tBu-4-Me}2-(1S,2S)-SC6H10S] 
17   rac-[Ti{2,2’-(OC6H2-4,6-
tBu2)2-trans-1,2-SC6H10S}Cl2] 
(Λ,R,R)-17 Λ-[Ti{2,2’-(OC6H2-4,6-
tBu2)2-(1R,2R)-SC6H10S}Cl2] 
(∆,S,S)-17 ∆-[Ti{2,2’-(OC6H2-4,6-
tBu2)2-(1S,2S)-SC6H10S}Cl2] 
18   rac-[Ti{2,2’-(OC6H2-6-
tBu-4-Me)2-trans-1,2-SC6H10S}Cl2] 
(Λ,R,R)-18 Λ-[Ti{2,2’-(OC6H2-6-
tBu-4-Me)2-(1R,2R)-SC6H10S}Cl2] 
(∆,S,S)-18 ∆-[Ti{2,2’-(OC6H2-6-
tBu-4-Me)2-(1S,2S)-SC6H10S}Cl2] 
19   rac-[Ti{2,2’-(OC6H2-4,6-
iPr2)2-trans-1,2-SC6H10S}Cl2] 
20   rac-[Ti{2,2’-(OC6H3-4-Me)2-trans-1,2-SC6H10S}Cl2] 
21   rac-[Ti{2,2’-(OC6H2-4,6-
tBu2)2-trans-1,2-SC6H10S}(O
iPr)2] 
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(Λ,R,R)-21 Λ-[Ti{2,2’-(OC6H2-4,6-
tBu2)2-(1R,2R)-SC6H10S}(O
iPr)2] 
(∆,S,S)-21 ∆-[Ti{2,2’-(OC6H2-4,6-
tBu2)2-(1S,2S)-SC6H10S}(O
iPr)2] 
22   rac-[Ti{2,2’-(OC6H2-6-
tBu-4-Me)2-trans-1,2-SC6H10S}(O
iPr)2] 
(Λ,R,R)-22 Λ-[Ti{2,2’-(OC6H2-6-
tBu-4-Me)2-(1R,2R)-SC6H10S}(O
iPr)2] 
(∆,S,S)-22 ∆-[Ti{2,2’-(OC6H2-6-
tBu-4-Me)2-(1S,2S)-SC6H10S}(O
iPr)2] 
23   rac-[Ti{2,2’-(OC6H2-6-
tBu-4-Me)2-trans-1,2-SC6H10S}(CH2Ph)2] 
24   rac-[V{2,2’-(C6H2O-6-
tBu-4-Me)2-trans-1,2-SC6H10S}OCl] 
25   [2-tBu-6-(trans-2-HOC6H10NH)-4-MeC6H2OH] 
26   [2,4-tBu2-6-(trans-2-HOC6H10NH)C6H2OH] 
27   [6-tBu-8-Me-1,2,3,4,4a,10a-hexahydro-1H-phenoxazine] 
28   [6,8-tBu2-1,2,3,4,4a,10a-hexahydro-1H-phenoxazine] 
29   [2,2’-(HOC6H2-6-
tBu-4-Me)2-trans-1,2-SC6H10N(H)] 
30   [2,2’-(HOC6H2-4,6-
tBu2)2-trans-1,2-SC6H10N(H)] 
31   [2,2’-(HOC6H2-6-
tBu-4-Me)2-trans-1,2-SC6H10N(Me)] 
32   [2,2’-(HOC6H2-4,6-
tBu2)2-trans-1,2-SC6H10N(Me)] 
33   [2-(trans-2-H2NC6H10S)-4,6-
tBuC6H2OH] 
34   [2,2’-(HOC6H2-4,6-
tBu2)2-trans-1,2-SC6H10N=CH] 
35   [2,2’-(HOC6H2-4,6-
tBu2)2-trans-1,2-SC6H10NCH2] 
36   [Ti{2,2’-(OC6H2-6-
tBu-4-Me)2-trans-1,2-SC6H10N(H)}Cl2] 
37   [Ti{2,2’-(OC6H2-4,6-
tBu2)2-trans-1,2-SC6H10N(H)}Cl2] 
38   [Ti{2,2’-(OC6H2-6-
tBu-4-Me)2-trans-1,2-SC6H10N(H)}(O
iPr)2] 
39   [Ti{2,2’-(OC6H2-6-
tBu-4-Me)2-trans-1,2-SC6H10N(Me)}Cl2] 
40   [Ti{2,2’-(OC6H2-4,6-
tBu2)2-trans-1,2-SC6H10N(Me)}Cl2] 
41   [Ti{2,2’-(OC6H2-6-
tBu-4-Me)2-trans-1,2-SC6H10N(Me)}(O
iPr)2] 
42b  cis-β2-[Ti{2,2’-(OC6H2-4,6-
tBu2)2-trans-1,2-SC6H10N=CH}Cl2] 
43a  cis-α-[Ti{2,2’-(OC6H2-4,6-
tBu2)2-trans-1,2-SC6H10NHCH2}Cl2] 
43b  cis-β2-[Ti{2,2’-(OC6H2-4,6-
tBu2)2-trans-1,2-SC6H10NHCH2}Cl2] 
44   [2,2’-(HOC6H2-4,6-
tBu2)2N(H)C2H4N(H)] 
45   [2,2’-(HOC6H2-4,6-
tBu2)2N(Me)C2H4N(Me)] 
46   [Ti{2,2’-(OC6H2-4,6-
tBu2)2N(H)C2H4N(H)}Cl2] 
47   [Ti{2,2’-(OC6H2-4,6-
tBu2)2N(Me)C2H4N(Me)}(O
iPr)2] 
48a  cis-α-[Ti{2,2’-(OC6H2-4,6-
tBu2)2N(Me)C2H4N(Me)}Cl2] 
48b  cis-β-[Ti{2,2’-(OC6H2-4,6-
tBu2)2N(Me)C2H4N(Me)}Cl2] 
49   [Zr{2,2’-(OC6H2-4,6-
tBu2)2N(Me)C2H4N(Me)}Cl2] 
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50   [Hf{2,2’-(OC6H2-4,6-
tBu2)2N(Me)C2H4N(Me)}Cl2] 
 
Compound synthesised according to literature procedures 
 
I   7-azabicyclo[4.1.0]heptane 
II   [2,4-tBu-6-SHC6H2OH] 
III   [2-tBu-6-SH-4-MeC6H2OH] 
IV   [2,4-iPr-6-SHC6H2OH] 
V   [2-SH-4-MeC6H2OH] 
VI   [2-NH2-4,6-
tBu2C6H2OH] 
VII  [2-NH2-6-
tBu-4-MeC6H2OH] 
VIII  [2,2’-(HOC6H2-6-
tBu-4-Me)2SC2H4S] 
IX   44 
X   [Ti{(R)-C20H12O2}(O
iPr)2] 
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A.6 List of Abbreviations 
 
T][ Dα    specific rotation 
α, β, γ   unit cell angles 
a, b, c   lattice constants 
Å    Ångström 
Ar    aryl, -C6HxR5-x 
BINOL  1,1’-bi-2-naphthol 
br s   broad singlet 
nBu   normal-butyl, -(CH2)3CH3 
tBu    tertiary-butyl, -C(CH3)3 
CCD   charge coupled device 
CCDC   Cambridge Crystallographic Data Centre 
CD    circular dichroism 
CIP   Cahn-Ingold-Prelog 
Cp    cyclopentadienyl, (C5H5)
- 
Cp*   pentamethylcyclopentadienyl, (C5Me5)
- 
Cp’   substituted cyclopentadienyl (C5HxR5-x)
- 
δ    chemical shift 
∆    right-handed helical chirality 
∆ε    molar circular dichroism 
d    doublet 
D    sodium D-line (589 nm) 
dd    doublet of doublets 
d.e.   diastereomeric excess 
ddd   doublet of doublets of doublets 
dithranol  1,8-dihydroxy-9,10-dihydroanthracen-9-one 
EI MS   electron ionisation mass spectroscopy 
Et    ethyl, -CH2CH3 
GPC   gel permeation chromatography 
h    hour 
hep   heptet 
HPLC   high pressure liquid chromatography 
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HRMS   high resolution mass spectroscopy 
HT GPC  high temperature gel permeation chromatography 
Hz    Hertz 
i    ipso 
n
JAB A-B coupling constant; n is the number of bonds between A and B 
Λ    left-handed helical chirality  
L    ligand 
m    multiplet 
m    meta 
M    metal 
M    molar 
Mn    number-average molecular weight 
Mw    weight-average molecular weight 
Mw / Mn  polydispersity index 
MAO   metylaluminoxane, [AlMeO]n 
MALDI-TOF MS matrix-assisted laser desorption/ionisation mass spectroscopy 
Me    methyl, -CH3 
min   minute 
m.p.   melting point 
NMR   nuclear magnetic resonance 
o    ortho 
ORTEP  Oak Ridge Thermal Ellipsoid Program 
p    pressure 
p    para 
PE    polyethene 
Ph    phenyl, -C6H5 
ppm   part(s) per million 
iPr    iso-propyl, -CH(CH3)2 
aPS   atactic polystyrene 
iPS    isotactic polystyrene 
sPS   syndiotactic polystyrene 
R    alkyl group 
Rf    retention factor 
s    singlet 
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t    triplet 
t    time 
T    temperature 
THF   tetrahydrofuran 
TLC   thin layer chromatography 
triglyme  triethylene glycol dimethyl ether 
UV-vis  ultraviolet-visible spectroscopy 
X    monoanionic auxiliary ligand 
z    charge 
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